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PREFACE 

This volume contains the proceedings of Symposium No. 5, "Geodetic Applicat ions 
of Radio Interferometry,"  of the  I n t e r n a t i o n a l  A s s o c i a t i o n  o f  Geodesy ( I A G )  
General Meeting held i n  Tokyo, Japan, May 7-8, 1982. The symposium w a s  organized 
by Special Study Group (SSG) 2.51 on Radio In te r fe rometry .  The membership o f  
SSG 2.51 is l i s t e d  on page V. Thir ty-s ix  t echn ica l  papers were presented during 
seven 90 minute sessions.  The symposium concluded with an eighth session devoted 
t o  answering complex questions and discussing issues t h a t  could not be accommodated 
dur ing  the  p re sen ta t ions  of the papers. 

The program listed on pages i x  through x i i  was organized by the  Technical 
Program Committee, composed of W. E. Carter (Chairman), W. J. Klepozynski, and 
W. E. Strange. The membership was selected t o  ob ta in  balanced r e p r e s e n t a t i o n  
of the  Very Long Baseline Interferometry (VLBI) ,  Conmcted Element Interferometry 
( C E I ) ,  and E lec t ron ic  Satellite Tracking techniques. I n  an  attempt t o  o b t a i n  
Comprehensive coverage of the  var ious  facets of geodet ic  radio in te r fe rometry ,  
the Technical Program Committee first selected specific subjects for each session 
of the  symposium. Then, based on curren t  l i t e r a t u r e  and personal, knowledge of 
t h e  programs and a c t i v i t i e s  of v a r i o u s  o r g a n i z a t i o n s  and ind iv idua l s ,  the 
committee i n v i t e d  more than 15 papers. The au tho r s  of inv i t ed  papers  received 
no special s t a t u s  or f i n a n c i a l  support  t o  a t t end  the symposium but the response 
was, n o n e t h e l e s s ,  e x c e l l e n t .  The on ly  plan tha t  had t o  be abandoned was a 
session dedicated to  the g e o d e t i c  u s e s  of the newly developing Global PosicYioning 
S a t e l l i t e  (GPS) System. ( A  comprehensive r e p o r t  on the  GPS a c t i v i t i e s  is 
contained i n  the P r o c e e a r d  3Cnternational Ge-um on 
w t e  D O D D ~ W  m, Las Cruces, New Mexico, February 1982.) 

T h e  f inal  program included the i n v i t e d  papers and cont r ibu ted  papers w h i c h  
were received i n  response t o  a cal l  f o r  papers. Only those c o n t r i b u t i o n s  f o r  
which the  au tho r s  pledged completed manuscripts s u i t a b l e  for p u b l i c a t i o n  were 
accepted. Unfortunately,  two au tho r s  d i d  not  submit completed manuscripts, and, 
therefore, the  proceedings conta in  a total  of only 34 papers. 

The Technical Program Committee a l s o  assembled a list of po ten t i a l  session 
chairmen, and requested t h e i r  p a r t i c i p a t i o n  and support  on t h e  same basis as 
the au tho r s  of i n v i t e d  papers. Again, the  response was inmediate and supportive. 
The session chairmen are l i s t e d  on page v i i .  

A l l  of t h e  arrangements f o r  the meeting rooms, registration, accommodations, 
and the many o ther  tasks that must be accomplished t o  stage an i n t e r n a t i o n a l l y  
a t tended symposium were performed by the  I A G  Japanese Local Organizing Colanittee. 
Most of the  se s s ions  were at tended by more than 200 s c i e n t i s t s .  The facilities 
were more than adequate, the  staff of. t y p i s t s ,  p ro j ec t ion i s t s ,  and other support 
personnel was e f f i c i e n t  and courteous,  and t h e  Japanese h o s p i t a l i t y  produced 
many pleasant  memories for  the pa r t i c ipan t s .  

The proceedings were assembled and published by the National Geodetic Survey 
of t h e  National Oceanic  and Atmospheric  A d m i n i s t r a t i o n  from camera ready 
typesc r ip t s  and i l l u s t r a t i o n s  provided by t h e  authors .  We chose t h i s  method to  
minimize the cost and time required t o  complete the  proceedings, rea l iz ing  that 
minimizing the  delay i n  d i s t r i b u t i n g  the papers was p a r t i c u l a r l y  i m p o r t a n t  i n  
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such a rapidly advancing subJect area. We are indebted t o  the many people  a t  
t h e  various organizations who prepared the camera copy. The manuscripts -rally 
conformed t o  our gu ide l ims  and were of excellent qual i ty .  The members of SSG 
2.51 would a l s o  l i k e  t o  express their thanks t o  Eleanor Z. Andree, NGS, far her 
aesistance i n  assembling the final copy and shepherding it through the publishins 
process . 

Mention of a commercial company or product does not cons t i tu te  
an endorsement by NOAA's National Ocean Survey. 
from t h i s  publication concerning proprietary products or the  
tests of such products f o r  publ ic i ty  or advert is ing purposes is 
not authorized. 

Use of information 
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EXTRAGALACTIC RADIO SOURCES AS GEODETIC TARGETS: 
STRUCTURE, PROPER MOTION, LIFETIMES 

K. I. Kellermann 

National Radio Astronomy Observatory* 

Green Bank, West Virginia 24944, U.S.A. 
P. 0 .  Box 2 

ABSTRACT. 
and galactic nuclei are excellent targets for geodetic 
measurements. 
size with an asymmetric and wavelength dependent bright- 
ness distribution. Dual-wavelength observations used to 
eliminate the effect of ionospheric bending may there- 
fore be difficult to interpret. 
is the apparent component motions which can cause a 
shift in the luminosity centroid in just a f ew years. 
Comparable position shifts may be caused by the frequent 
flaring and fading of spatially separated components. 
Because the precision of individual position measurements 
is approaching a milliarc second, detailed radio pictures 
as a function of wavelength and time are necessary to 
interpret geodetic VLBI observations. 
with simple 2 or 3 element interferometers can lead to 
ambiguous results. 

Compact radio sources associated with quasars 

But many sources have a finite angular 

A further complication 

Measurements made 

INTRODUCTION 

Extragalactic radio sources are among the largest known objects in the 
universe, and.are typically resolved with interferometer baselines of a 
few kilometers. Typically, the radio emission comes from two clouds 
symmetrically located with respect to the parent galaxy or quasar. 
widely accepted that the radio emission comes from ultra-relativistic 
electrons moving in a weak magnetic field. 
manner in which the electrons are accelerated and transported into the 
extended radio lobes, is not understood, but the basic energy source ap- 
pears to be closely associated with quasars or with the nuclei of active 
galaxies. 

It is 

The origin of energy, and the 

The quasars or galactic nuclei are themselves very compact sources of 
radio emission. Within these sources the density of relativistic electrons 
is so great that the radio source becomes opaque to its own radiation below 
some cutoff frequency, vo. For v << vo, S a u2 5. For v >> v the radio 

0’ 

* Operated by Associated Universities, Inc., under contract with the 
National Science Foundation. 
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a spectrum is a simple power law of the form S a v 
a,  is (l-y)/2, and where y is the index of the electron density distri- 
bution. 

where the spectral index, 

Because there may be a distribution of relativistic electron density and 
magnetic field strength, different parts of the source may become opaque at 
different wavelengths and the observed total flux density will be nearly 
independent of frequency. 
contrast to the "peaked" spectra typical of more uniform sources. 

Such sources are said to have "flat" spectra in 

In sources with peaked spectra the radio emission generally comes from 
two components of similar size and flux density and spaced a few hundredths 
of an arc second apart (Phillips and Mute1 1980). These are ideal geodetic 
targets since the position of the centroid is well defined and is found to 
be essentially independent of observing frequency and time. 
of this type can be generally recognized on the basis of their character- 
istic spectra, but detailed radio pictures are desired if they are to be 
used as the basis of geodetic measurements, 

Compact sources 

In general, however, the radio structure is more complex, is wavelength 
dependent, and changes significantly on time scales of a year. These all 
lead to variations in the observed phase or group delay of geodetic obser- 
vations made with radio interferometers and may lead t o  errors in the 
determination of terrestrial baselines. 
source structure depends on the length (in wavelengths) and orientation of 
the baseline. On transcontinental and intercontinental baselines, phase 
deviations % 2a are not uncommon, and correspond to baseline errors com- 
parable to the observing wavelength, which is typically a few centimeters. 

The baseline error introduced by 

SOURCE STRUCTURE 

Most extragalactic radio sources appear to be highly elongated over a 
wide range of dimensions. 
compact component is relatively strong, the radio source is generally 
asymmetric and consists of a low luminosity "jet" feature extending up to 
a million parsec or more from a bright nucleus. 
resolution, the nucleus itself is also elongated consisting of a jet-like 
feature extending from a small core component in the same direction as 
the m o r e  extended jet. 
of linear scales suggests that the mechanism responsible for the focus or 
collimation takes place within a few parsecs of the basic "engine" and 
lasts at least 107 years. 

In those quasars and radio galaxies where the 

When examined with high 

The similar direction of the jet over a wide range 

Because of this asymmetry, the position of the centroid may depend dra- 
matically on resolution. 
3C273. If observed with a simple 2-element interferometer, the effective 
position will depend on the interferometer resolution. 
vectors determined from measurements of group velocity or interferometer 
phase are not uniquely determined from two-element interferometry unless 
the source dimensions are small compared with the interferometer fringe 
spacings, or complete images are obtained with multi-element aperture 

Figure 1 shows the structure of the bright quasar 

Thus, baseline 
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synthesis techniques, and then used t o  model the apparent posit ion centroid 
f o r  any s p e c i f i c  interferometer configuration. 

3C 273 

. -  
\ _ - I  

Figure 1. Radio s t r u c t u r e  of t he  quasar taken from Conway 
(1982) and Pauliny-Toth et  a l .  (1981). 

FREQUENCY DEPENDENT STRUCTURE 

A f u r t h e r  complication occurs because t h e  br ightness  d i s t r i b u t i o n  is  o f t en  
frequency dependent. This is  because i n  the  opaque p a r t s  of t h e  source t h e  
f l u x  dens i ty  varies as v 2 * 5 ,  while f o r  t ransparent  sources it v a r i e s  % v- l .  
So t h e  br ightness  r a t i o  w i l l  vary as v3*5. 
t ransparent  and t h e  o ther  opaque, have.equa1 f l u x  dens i ty ,  S1 = S2 a t  f r e -  
quency v 

Thus, i f  two components, one 

then a t  frequency v1 = 2v0, 
0’ 
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In  o ther  words, a s h i f t  of a f a c t o r  of two i n  observing frequency gives an 
order of magnitude change i n  relative f l u x  dens i ty .  
source the re  is a mixture of p a r t i a l l y  opaque and t ransparent  regions,  so 
t h e  e f f e c t i v e  exponent is  t y p i c a l l y  about 1, r a t h e r  than 3.5, bu t  neverthe- 
less br ightness  d i s t r i b u t i o n  a t  two wavelengths separated by only a f a c t o r  
of two o r  t h ree  i n  frequency a p a r t  may be s u f f i c i e n t l y  d i f f e r e n t  t h a t  in- 
d iv idua l  f ea tu re s  cannot be  unambiguously aligned. 

I n  a more complex ( r ea l )  

Thus, dua l  frequency observations which are commonly used t o  co r rec t  f o r  
ionospheric bending may be  e a s i l y  mis in te rpre ted ,  unless f u l l  images are 
obtained a t  each observed wavelength, and t h e  alignment of p a r t i c u l a r  
s p e c t r a l  f ea tu re s  is  properly made. 

Using 3C273 as an example, a t  wavelengths X Q 1 m most of t h e  f l u x  from 
t h e  compact source comes from t h e  O!'OS j e t - l i k e  f ea tu re ,  while f o r  X Q 1 cm, 
t h e  smaller northern core dominates. The apparent s h i f t  i n  the pos i t i on  
cent ro id  between 3.8 and 13 cm is % 4 milliarc seconds, which is consider- 
ably more than t h e  internal prec is ion  of current pos i t i on  determinations 
(e.g. M a ,  Clark, and Shaffer 1982). 

COMPONENT MOTION 

Perhaps t h e  most d i f f i c u l t  obs t ac l e  t o  using compact r a d i o  sources t o  
car ry  out  a long term geodetic program is  t h e  temporal changes i n  s t ruc-  
t u r e  which occur due t o  t h e  brightening and fading of d i f f e r e n t  p a r t s  of 
t h e  source o r  t o  a c t u a l  component proper motions. Hot spo t s  i n  jets may 
propagate with near ly  t h e  ve loc i ty  of l i g h t ,  and i f  t h e  motion is or ien ted  
c lose  t o  t h e  l i n e  of s i g h t ,  t h e  e f f e c t  of d i f f e r e n t i a l  s i g n a l  travel t i m e  
from components at rest and at motion may cause an apparent t ransverse  
ve loc i ty  which is many times greater than t h e  velocity of light (e.g. 
Kellermann and Pauliny-Toth 1981). 
cent ro id  may b e  of t h e  order of a mill iarc  sec per year (e.g. Walker 1982). 

The corresponding s h i f t s  i n  t h e  r ad io  

This is i l l u s t r a t e d  i n  Figure 2, again using t h e  quasar 3C273. Figure 2 
is taken from Pearson e t  al. (1981) and shows the  relative motion of t he  
j e t  component of 3C273 during t h e  period 1978 t o  1980. I n  Figure 3 t h i s  
motion i s ' t r a c e d  back t o  1972 and it  is  seen t h a t  during t h e  period 1972 
t o  1980 the re  w a s  a t o t a l  motion of about 6 m i l l i a r c  sec o r  a s h i f t  of 
3 m i l l i a r c  sec i n  the  pos i t i on  of the  centroid. 

The s i t u a t i o n  is  f u r t h e r  complicated s ince  the  ou te r  f e a t u r e  i n  3C273 
has now faded from s i g h t ,  and so t h e  apparent pos i t i on  has  suddenly 
s h i f t e d  back toward t h e  core. 

SUMMARY 

VLBI observations of compact r ad io  sources have a r e p e a t a b i l i t y  of 
about 1 mill iarc second, and t h e  corresponding base l ine  vec to r s  between 
two VLBI s t a t i o n s  show a scatter of only a few centimeters. 
generally not  poss ib l e  t o  observe unresolved "point" r a d i o  sources,  multi- 
element mapping of t h e  angular 'b r igh tness  d i s t r i b u t i o n  is  needed i f  

Since it is 
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3C 273 0.65GHr 

Figure 2. Structure of 3C273 showing 
apparent component motion 
between 1977 and 1980 (taken 
from Pearson et al. 1981). 

Figure 3. Separation of the components of 3C273 as a function 
of time. 
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celestial radio sources are used as targets for geodetic measurements. 
Particular attention to the wavelength dependence of the radio structure 
is needed when multi-wavelength observations are used to determine the 
effect of ionospheric refraction. 
changes may be difficult to distinguish from variations in the angular 
structure unless multi-epoch images are available. 

Long term measurements of baseline 
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ABSTRACT: 
a t  or below O!'Ol. However there appear to be discrepancies at t h i s  level i n  
aligning the catalogs. 
meant t o  def ine  an almost i n e r t i a l  reference frame. 'Reconmendations are m a d e  
for presenting f i t u r e  observations i n  reference epoch 2000 and for  the obser- 
vation of common sources by different  observers in  order t o  improve the 
intercomparison of the different  catalogs. This will lead t o  improved values 
for the precession constant, nutation ser ies  and other earth rotation para- 
meters. 

The current precision of the positions of compact radio sources is 

A short  radio reference catalog is presented and 

INTRODUCTION 

For geophysicists the in te res t  i n  radio source catalogs may be stated as 
follows: Radio source catalogs def ine  an a l m o s t  i n e r t i a l  reference frame 
wainst which motions of objects on the earth,  motions of the earth,  objects 
i n  the near earth environment ( s a t e l l i t e s ) ,  and objects on the ce l e s t i a l  
sphere (planets, stars, and galaxies) may be determined. Other applications 
are i n  astrometry and astrophysics. 
t ional  accuracy of these catalogs and the need for uniformity i n  future cata- 
logs a re  the subject of t h i s  paper. 

The s ta tus  as of May 1982 of the posi- 

The posit ional accuracy of radio sources has improved s teadi ly  since the 
1970's. Surveys at  radio frequencies near 2.5 and 5 GHz (Pauliny-Toth - et al. 
1978; Shimmins - et al. 1975) contain almost all radio sources with flux densi- 
t ies greater t h a n  0.6 Jy at galactic la t i tudes greater than  100. 
sources display angular structure ranging from ,P O!'OOOl t o  fl 60". 
e t  al. ( 1 9 0 )  describe the character is t ics  of these sources and estimate tha t  
there a re  fl 1500 extragalactic sources of intensi ty  > 0.6 Jy over the ent i re  
ce l e s t i a l  sphere and tha t  fl 20% of these sources w i l l  have the majority of 
their emission i n  unresolved or point l i ke  components of milliarc second 
scale,  making these sources suitable for defining an inertial  reference 
frame. 
system w i l l  be smaller than that contained i n  the fhdamental opt ical  catalog 
(FKb), which contains 1535 fundamental stars. 

These 
Johnston 

- 

Therefore the number of strong radio sources defining a reference 

The dis t r ibut ion of sources should be uniform mer the sky, so that precise 

There is a need for  sources distributed near declinations of 80°, 60°, 
measurements of the relat ive positions of the antennas can be made at any 
t i m e .  
40°, 20°,  O o ,  -20°, -40°, -60°, -80°, separated by 90" i n  r ight ascension. 
This is a t o t a l  of only 36 sources. For Very Long Baseline (VLB) observa- 
t ions w i t h  the longest baselines, i.e., Goldstone t o  T idb inb i l l a ,  the catalog 
must contain considerably more sources because only a small fraction of the 
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ce le s t i a l  sphere is  v is ib le  at both sites simultaneously. These sources must 
be intense enough (* 1 Jy) t o  be v is ib le  with a min imum s ize  antenna pair 
(each antenna 20 m i n  diameter) and have small apparent sizes (* 1 mas) and 
posit ional s t a b i l i t y  (1 m a s )  on the sky. Catalogs that contain the required 
number and spatial distribution are the JPL catalog as defined by Purcell e t  
- al. (1980) and the catalog of Witzel and Johnston (1982). 
bution on the sw for the Witzel and Johnston (1982) catalog is displayed i n  
Figure 1. 

The source distx- 

Figure 1. The dis t r ibut ion of sources on the ce l e s t i a l  sphere i n  the Witzel 
and Johnston (1982) campilation. There are 188 sources. 0 denotes sources 
with posit ional accuracy < 0:'05. o denotes sources with posit ional accuracy - < 0!'01 or for sources 6 - <--20° with accuracy < 0:'03. 

Inspection of Figure 1 shows that precise positions of extragalactic sources 
south of declination -40" have not yet been measured as of May 1982. 
Measurements need to be made in the southern hemisphere. 

AVAILABLE PRECISE CATALOGS 

Recent high resolution surveys of radio sources have shown that there is an 
adequate number of campact sources. In  a VLA survey of the complete sample 
of radio sources of flux density > 1 Jy north of declination -40 degrees, and 
galact ic  la t i tude  b > f l o o ,  262 sources were found t o  contain 90% their f lux  
density at  5 GHz i n  cbmponents less than 1" (Ulvestad, Johnston, Perley, and 
Faa lon t  1981). 
found that 52 sources display a flux density greater than 1 Jy, 210 sources a 
f lux density greater t h a n  0.5 Jy and 665 sources a flux density greater than  
0.1 Jy on s ize  scales of - < 5 mas. 

In  another survey a t  2.3 GHz, Preston and Moribito (1980) 
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TABLE 1 

CATALOGS OF RADIO SOURCE POSITIONS 

Number Observing Reference 

Sources 
Authors I n  st rument of Precision Epoch Epoch 

Connected Element Jnterferometry 

Elsmore & Ryle (1976) Cambridge 55 0?03 

Elsmore (1982) Cambridge 25 0.03 
Hilldrup et  al. ( 1982 V I A  29 0.02 
Kaplan e t r ( 1 9 8 2 )  Green Bank 16 0.01 

(1977 1 

Perley '(1982) VLA 393 0.05 

Ulvestad et  al. 
(1981 

Wade and Johnston Green Bank 34 0. 03 

VLA 250 o m  10 

1973.1; 1950 
1974.2 
1979.8 1950 
1980.0 1950, 2000 
1g9.9 1950, 2000 
1981.0 . 1950 
1975.4 1950, 2000 

Very Long Baseline Interferometry 

Clark - et al. (1976) US-Europe 18 0. 04 1973.9 1950 
h r c e l l  et  al. (1980) Madrid- 117 < 0.01 1978.0 1950 

Shaffer - et al. (1982) US-Europe 48 0. 005 1981 . 5 2000 

Goldstone- 
T i d b i n b i l l a  

Progress i n  measuring the posit ional accuracy of radio sources up t o  1978 
is  summarized i n  Johnston et  al. (1980). 
poor near the equator. 
sources ranging i n  declination from -20" t o  +TO" t o  accuracies below 0!'08. 
I n  1978 Fanselow - et al. (1980) measured positions of sources from declination 
-40" t o  70" with accuracies below 0!'03. 

The ea r l i e r  measurements were very 
I n  1977 Wade and Johnston measured thirty-four 

A summary of high accuracy catalogs of radio positions is shown in Table 1. 
This summary contains a l l  catalogs having original  measurements with quoted 
accuracies of 01'1to 0!'05 which have a large number of sources and a l l  cata- 
logs quoting accuracies better t h a n  O!'O5. 
those determined by connected l ink  interferometry and Very Long Baseline 
Interferanetry (VLBI). 
0 3 0  (Ulvestad et  al. 1981) t o  0!'005 (Shaffer et  al. 1982). 
of the catalogs are between 2.5-8.0 GHz. 
at frequencies between 2 and 5 GHz and measurements were made at only one 
frequency. 
(1982) ; Purcell - et al. (1980 ) ; and Shaffer - et al. (1982) were made at two 
frequencies between 1.4-2.6 and 4.9-8.4 GHz i n  order t o  eliminate the delay 
path length i n  the ionosphere as a cause of systematic error. The earlier 
single frequency catalogs are  c i rca  1975 when the sun was at solar sunspot 

The catalogs are broken up in to  

The posit ional precision of the catalogs is  between 
The frequencies 

The ea r l i e r  catalogs were obtained 

The latter catalogs of Hilldrup e t  al. (1982); Kaplan et  al. 
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minimum and the ionosphere was not as active as i n  1980, a time of solar 
sunspot maximum. 

The catalog of Shaffer e t  al. (1982) is only a preliminary catalog pre- 
sented at the January 1982 URSI meeting. 
catalog of Kaplan e t  al. (1982) i s  from three months of measurements on the 
Green Bank interferometer (20 resul ts  quoted) while the catalog of Hilldrup - e t  al. (1982) is from four days' observation on the pa r t i a l ly  completed VLA 
i n  January 1980. 
- al. (1982) are from single maps made from one or several observational c z s  
with the VU. 
ranging from 2"-0'.3 i n  the cases of the connected element catalogs and a few 
mas w i t h  the VLB catalogs. 

Some other comments follow. The 

The measurements of Ulvestad et a l .  (1981) and Perley e t  

The source positions were measured with synthesized beamwidths 

The precision i n  Table 1 quoted for  each catalog is that of the most in- 
fe r ior  positions. These are usually low declination sources. The "average" 
accuracy of the catalogs may be much better.  These catalogs a re  those which 
reduce and list the data in the standard manner, e.@;. use the IAU recommended 
methods for reporting positions i n  terms of the 1950 or  2000 epochs. Kaplan 
(1981) has recently published specific recommendations for presentation of 
sources at the 2000.0 epoch. The published epochs are listed in Table 1. 

Not a l l  of the catalogs l is t  the epoch of observation. The VLBI catalogs 
of Clark et al. (1976) and Purcell e t  al. (1980) were obtained from data 
taken over periods of several years and l is t  no epoch of observation. 
epoch of Purcell e t  al.'s (1980) catalog is estimated as 1978.0 while Clark 
e t  al. (1976) is estimated t o  be 1973.9. 
the epoch of observation which is  l i s t ed  i n  Table 1. The epoch of observa- 
t ion  together with a complete description of the constants used i n  reducing 
the data to  a reference epoch or the use of the procedures recommended by the 
I A U  for  the reduction t o  reference epochs 1950 and 2000 should be stated 
along with the source positions. The values of the precession constant, 
nutational se r ies  and other earth rotation parameters are  not known at t h i s  
time t o  the accuracies that can and w i l l  be achieved by radio interfero- 
metric measurements of ce l e s t i a l  positions. 
motions w i l l  be t o  cause a rotation of the right ascension and declination 
axes between 'catalogs. 

- 
The 

The connected element catalogs give 

The ef fec ts  of many of the 

COMPARISON 

The comparison of the accuracy of the catalogs must be accomplished by d i f -  
ferencing the positions of the sources common i n  the catalogs. Of course, 
the catalogs must a lso  be on a common reference epoch. Our comparison w i l l  
be between the Wade and Johnston (1977') list and the other authors i n  Table 
1. Table 2 contains the differences i n  coordinates between Wade and Johnston 
(197'7) and the other precise catalogs. For right ascension the weighted mean 
difference multiplied by the cosine of source declination is l i s t e d  while for 
declination the weighted mean difference is l is ted.  The rms of the weighted 
mean 'differences is also l i s t e d  together with the number of common sources 
between the Wade and Johnston (1977) catalog and the others. Some sources 
whose position differences exceeded three times the rms of the combined 
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errors i n  t he i r  positions were deleted fram the comparison. 
five sourcesI 

This amounted t o  

TABLE 2 

Weighted Mean Differences i n  Coordinates between 
Wade and Johnston (1977) and other Precise Catalogs 

- - 
Catalog Aa cos 6 A6 N Comments 

arcsec arcsec 

K = W J  -0.007+0.014 -0.012+0.010 8 C E I ,  Epoch 1950 
H = W J  0.007%. 010 0.011%. 015 5 CEI, Epoch 1950 
ER - W J  -0.0g0s0.026 0. obgsO.016 17 CEI,  Epoch 1950 
E - W J  -0.04050 . 012 0.04631.015 13 CEI, Epoch 1950 
C - W J  -0.002?0 0 009 0.002%. 009 17 VLBI, Epoch 1950 
P - W J  0.008?0.007 0.024?0.007 18 VLBI, Epoch 1950 
S - W J  0.042%. - 001 0.015%. - 009 19 V L B I ,  Epoch 2000 

W J  = Wade & Johnston (1977 ; 
H = Hilldrup et  al. (1982); 
E = Elsmore (m; 
P = Purcell - et al. (1980); 

K = Kaplan et al. (1982); 
ER = Elsmore and Ryle (1976); 
C = Clark et al. (1976); 
s = Shaffer et al. (1982 1. 

- - 
The right ascension differences for the 1950 epoch catalogs whose right 

ascension reference point i s  32273, i.e. Clark e t  al. (1976); Wade and 
Johnston (1977); Kaplan - et al. (1982); and Hilldrup - e t  al. (1982) compare 
favorably. and 
Elsmore (1982) which have a right ascension zero point based upon the posi- 
t ion of the star B Per and Purcell - e t  al. (1980) which has a right ascension 
zero point based on the position of the quasar NRAO 140, have a significant 
difference i n  r ight ascension due t o  the different zero point refereace 
positions used. 
motions such as precession and nutation or other rotations i n  the reference 
frame. 

The other catalogs, namely those of Elsmore and Ryle (1976) 

The zero point adjustment of the right ascensions masks 

Since radio interferometric positions i n  declination are  measured relat ive 
t o  the instantaneous spin axis of the earth, the declinations should be 
d i rec t ly  comparable i f  they were obtained at the s a m e  observing epoch. I f  
the motions of precession and nutation w e r e  known exactly, then we could 
d i rec t ly  compare the differences i n  declination at a common reference epoch. 
The fact  that the precession constant used i n  establishing sources on the 
reference epoch (1950) is known t o  be i n  error by O:'Ol/year, should cause a 
small rotation i n  the declinations when referenced t o  1950 and may b= exyres- 
sed as OS'01 s i n  E cos a multiplied by the difference i n  observing epochs i n  
years, where B is the obliquity of the ec l ip t ic ,  and a is the right ascension 
of the source. Inspection of Table 1 shows that the observation epochs of 
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Figure 2. The weighted mean differences i n  declination versus r ight  ascen- 

1 
X P-WJ 
0 P-H 
V P-K 

u@yp $5 l i i r  

- - 

? I I I I I I _  

sion. X Purcell et  al. 
(1980)-Wade and Johnston (197'7); o Purcell et  al. (1980)-Hilldrup - e t  al. 
(1982); V Purcell - e t  al. (1980)-Kaplan et  a-982). 

The error  bars represent the rss of the errors. 

The differences i n  declination for the Kaplan e t  al. (1982) and Hilldrup - e t  - al. (1982) catalogs are not significant as the rms shows. 
f ive and eight sources common w i t h  Wade and Johnston (1977). 
difference i n  declination for Purcell: et  al. (1980) is significant.  
be due t o  the discrepancy i n  the value of the precession constant used for  
epoch 1950. Figures 2 and 3 display the differences i n  declination versus 
right ascension and declination respectively. The data for the reference 
epoch 2000 (Shaffer e t  al. 1982) should show no significant difference i n  
declination when compared t o  Wade and Johnston (1977) because an improved 
value of the precession constant is used for  t h i s  epoch. 
declination is  marginally significant since i ts  value is 01'015 f 0:'OOg and i n  
the same direction as the Purcell et  al. (1980) difference i n  declination 
l i s t e d  i n  Table 2. An unexplained of fse t  i n  declination as is  the case of 
the Cambridge catalogs, may be i n  the  catalog of Wade and Johnston (1977) 
which was measured using connected element interferometry. 
be resolved when catalogs with proper epochs and,more sources i n  common are 
produced i n  the near f'uture. 

There are only 
However the 

This may 

The difference i n  

This matter w i l l  

Comparison of the significant differences i n  declination of the Elsmore 
(1.9821 and the Elsmore and Ryle (1976) catalogs which both have an average 
offset  of 01'047 cannot be explained by t h i s  effect .  This large of fse t  may be 
due t o  scope instrumental effect  caused by the fact  that the Cambridge instru- 
ment has only east-west baselines. 

1 2  
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Figure 3. The weighted mean differences i n  declination versus declination. 
The symbols are as defined i n  Figure 2. 

REFERENCE POINT IN RIGHT ASCENSION 

"he reference for the right ascension zero point i n  these catalogs has been 
based upon 3C273 (Wade and Johnston 19771, other quasars (Purcell e t  al. 
19801, or  the positions of opt ical  objects such as Algol (Elsmore and Ryle 
1976). However it must be remembered that  the i n e r t i a l  reference frame is 
defined by the positions of the quasars. Various authors would l ike  t o  see 
the radio reference frame related t o  the FK4 and future opt ical  systems. 
This requires assuming coincidence of the positions of the opt ical  and radio 
radiation. This is probably t rue on the milliarc second scale for quasars 
but may not be t rue for s t e l l a r  or solar system objects such as asteroids. 
A t  t h i s  time the position of individual opt ical  components can be measured t o  
0:'05 (de Vegt and Gehlich 19781, while the radio source positions are  now at  
the 01'01 level and may exceed t h i s  precision. Although there are many ways 
of re la t ing the opt ical  and radio reference frames, it must be remembered 
that the quasar reference frame w i l l  be more stable than any opt ical  refer- 
ence frame based upon objects i n s i d e  the galaxy. Therefore, it is recom- 
mended that  i n  future radio catalogs the zero point of r ight ascension be 
defined by the quasars themselves. The relationship t o  the opt ical  reference 
frame, although extremely useful, should be established by secondary refer- 
ence benchmarks and used t o  relate the optical/radio reference frames for 
astrometric/astrophysical studies. Unfortunately, the source 3C273B which 
has been used as a zeropoint r ight  ascension reference in the past displays 
structures on the arc second and m i l l i a r c  second scales as is shown i n  Figure 
4. However at the present level  of comparison of individual source positions 
(JI O:'Ol), the e f fec ts  of t h i s  structure and the structure of other sources on 
source position determinations are ju s t  beginning t o  appear. To reach 
positiond. accuracies of O:'OOl, the source structure and its time var ia t ions 
as shown i n  Figure 4 w i l l  have t o  be taken into account. Some sources dis- 
play less structure i n  their  radio emission than others (Ekkart et al. 1982). 
Sources such as 0454+844, 1803+784, and 2200+420 appear t o  display Over 90% 
of the i r  radio emission i n  components extended over < 5 mas. The study of 

- 
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the structure of radio sources is only i n  its infancy. 
large number of sources are j u s t  now underway (Readhead and Pearson 1981; 
Eckart et  a1 1982). 
of an i n e r t i a l  reference frame may be selected. 

Detailed studies of a 

From these studies, new sources ideal for  the definit ion 
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Figure 4. 
major components-the dominant compact source and the extended component 
located 20" away along a position angle 222' from the compact source (Perley, 
Fomalont, and Johnston 1982). 
compact component measured at several epochs (Pearson e t  al. 1981). 
that the c o m p a c t  m i l l i a r c  second structure changes with t i m e .  

Left: Arc second VLA map of 3C273. This source consists of two 

Right: The mil l iarc  second structure of the 
Note 

RECOMMENDATIONS 

For future observations of the positions of extragalactic sources, it is 
recommended that source structure be taken into account i f  the positions of 
radio sources a re  t o  approach accuracies of 0:'OOl. 
.frequency observations are  needed t o  remove the e f fec ts  of the ionospheric 
path delay, the 'source, structure needs t o  be known at both frequencies i n  
order t o  calculate t h i s  correction exactly as source structure is  a function 
of frequency. Therefore it is recommended: 

Further, since dual 

1) Source positions be presented at 2000.0 epoch using 
the procedure outlined by Kaplan (1981). 
values of the precession constant and nutation series 

The improved 
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2)  

3 )  

4 )  

5 )  

6 )  

Following 

over reference epoch 1950 should allow the catalogs t o  
be compared directly.  However, there w i l l  probably be 
a small rotation between the r ight  ascension and 
declination axes of the catalogs. 

T h a t  the epoch of observation for  each source be 
stated t o  one hundredth of a year. 

Dual frequency observations be made t o  remove the 
e f fec ts  of ionospheric path delay. 

Source structure should be accounted for. Detailed 
maps of sources should be made at  an i n i t i a l  epoch. 
Further observations could be made and a goodness of 
structure c r i te r ion  be used t o  evaluate changes i n  
source structure. This cr i te r ion  is  defined as: 

- minimum synthesized beam 
- v  vmax min 'G - 

where Vm 
v i s i b i l i t i e s  observed. The sources should be mapped 
i n i t i a l l y  and the value of the goodness of s t ructure  
c r i te r ion  measured. Any noticeable change i n  the 
value of t h i s  c r i te r ion  during subsequent measurements 
would resu l t  i n  the source structure being redeter- 
mined. 

and Vmin a r e  the min imum and maximum 

A l i s t  of sources defining a reference frame should be 
observed by a l l  observers. This list should consist  
of * 40 sources. 

The position of 3C273 should de f ine  the zero point. 
The radio structure of t h i s  source should be taken 
in to  account when determining i ts  radio position. 
position of the compact object i n  t h i s  source is  
defined as the reference position i n  r ight ascension. 

The 

RADIO REFERENCE CATALOG 

these recommendations, a catalog has been compiled us ing  the 
available catalogs summarized i n  Table 1 as-was done by Witzel and Johnston 
(1982). 
3C273 i.e. a(2000) = 12 2gm06;6997 (see Hazard et  al. 1971 for 1950 
posi t ion) ,  which coincides wi th in  the errors  with the opt ical  position 
(de Vegt and Gehlich 1981). 
The recommended catalog appears i n  Table 3. 

The reference p i n t  of r ight ascension is defined by the position of 

The source positions are listed for epoch 2000. 
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TABLE 3 

Recommended Fundamental Radio Sources 

Source 2000 a 2000 Flux Density 
5 GHz 

0133+4 76 

0235+164 

o 31 6+4 13 

0212+735 

0237-233a 

0332-403 
0336-019 
0420-014 
0454+844 
0552+398 
0607-157 
0727-115 

0826-373 
0742+103 

0831+557 

0923+3 92 

1 2 2 6 ~ 2 3  
13 58+62b 
1404+286 

1555+001 
1611 +343 

1803+784 

2021+614 
2200+420 

08 51 +202 

1104-44 5 
1127-1 4 

1519-273 

1741 -038 

192 1-293 

2243-123 
2245-328 
23 52 +495 

h m s  01 36 58.5954 

02 38 38.9277 
02 17 30.8212 

02 40 8.1770 
03 19 48.1613 

04 23 15.8015 

03 34 13.6538 
03 39 30.9385 

05 08 42.3352 
05 55 30.8062 
06 09 40.9494 
07 30 19.1130 
07 45 33.0601 
08 28 04.7811 

08 54 48.8758 

11 07 08.6937 

12 29 06.6997 
14 00 28.6504 

08 34 54.9042 

09 27 03.0149 

11 30 07.0532 

14 07 00.3941 
15 22 37.6833 
15 57 51.4340 

17 43 58.8579 

19 24 51.0577 
20 22 06.6815 

16 13 41.0658 

18 00 45.6676 

22 02 43.2906 
22 46 18.2320 
22 48 38.6870 
23 55 09.4576 

47" 51 l29!'111 
73 49 32.639 
16 36 59.188 
-23 og 15.862 

-01 46 35.862 
-01 20 33.016 
84 32 04.556 

-15 42 40.676 
-11 41 12.615 
10 11 12.682 

55 34 21.078 
20 06 30.632 
39 02 20.855 

41 30 42.111 
-40 08 25.408 

39 48 49.159 

-37 31 06.274 

-44 49 07.595 
-14 49 27.398 
02 03 08.587 
62 io 38.527 
28 27 14.676 
-27 30 10.620 

-03 50 04.634 
78 28 04.020 

61 36 58.799 
42 16 39.978 
-E 06 51.278 

49 50 08.299 

-00 01 50.422 
34 12 47.909 

-29 14 30.168 

-32 35 51.880 

&Complex Structure on a . ~  size scales. 
bReference Position i n  Right Ascension. 
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SUMMARY 

The accuracy of current radio positions appears t o  be at the 0:'Ol level, as 
comparison of the available catalogs has shown. The claimed accuracies of 
some individual catalogs exceed 0!'01, but detailed comparison cannot be made 
u n t i l  a l l  catalogs specif ical ly  s t a t e  the epoch of observation and contain 
common sources i n  order that detailed comparison can be made between the 
catalogs. In  t h i s  way, improved values of the precession constant, the 
nutation ser ies ,  and other earth rotation parameters can be determined from 
the rotation and other motions of the right ascension and declination axes 
needed t o  align the ,different catalogs. 

A short radio reference catalog is presented which summarizes the available 
This is 
The 

catalogs at  t h i s  time and is believed t o  contain the best positions. 
a "preliminary" catalog meant t o  def ine  an i n e r t i a l  reference f'rame. 
sources i n  Table 3 should be observed i n  the h t u r e  t o  aid the comparison of 
catalogs and are defined as fundamental radio sources (F'RS). Future observa- 
t ions carried out as recommended i n  t h i s  paper w i l l  hopefully establish the 
accuracy of the radio reference frame at the submilliarc second level. 
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NUMERICAL EXPERIMENTS ON MAINTAINING THE CONVENTIONAL 
TERRESTRIAL SYSTEM BY VLBI NETWORKS 

Sei j i  MANABE 

I n t e r n a t i o a l  La t i tude  Observatory of Mizusawa 
Mizusawa, Iwate Japan 

ABSTRACT. Characteristics of t h e  s t a t i o n  displacements 
and the  Ear th  o r i e n t a t i o n  parameters t o  be obtained with 
VLBI are inves t iga t ed  under t h e  condi t ion  t h a t  a network 
of  s t a t i o n s  has n e i t h e r  r o t a t i o n a l  nor t r a n s l a t i o n a l  
motion. It is found t h a t  80 5 of a c t u a l  displacements 
are recovered i n  estimated ones i f  a number of s t a t i o n s  
i n  the network is more than 8. 

INTRODUCTION 

I n  order t o  def ine  and maintain t h e  conventional terrestrial system (CTS) 
with a few cent imeter  accuracy, it is necessary t o  take i n t o  account a l o t  
of geodetic parameters. I n  other words t h e  accura te  CTS is realized only 
after cons i s t en t  es t imat ions  of these parameters from observat ions.  However, 
some of them cannot be independently estimated. The sepa ra t ion  of t h e  
dependent parameters r e q u i r e s  cons t ra in ing  condi t ions  on them. Def in i t i ons  
of t h e  CTS and t h e  celestial re ference  system e s s e n t i a l l y  depend on t h e  
choice of condi t ions.  For a long term s t a b i l i t y  of the  CTS, the  most 
important condi t ion  is the  one t h a t  d i s t i ngu i shes  the  polar  motion and UT1 
(referred t o  as the EOP, hereafter) from s e c u l a r  displacements of observing 
sites. When determining the CTS by using VLBI, cons t ra in ing  condi t ions  on 
t r a n s l a t i o n a l  and r o t a t i o n a l  components of the CTS are necessary. 
In t roduct ion  of the  condi t ions  y i e l d s  spurious s t a t i o n  displacements as well 
as mutual dependences among them. I n  t h e  present  paper, adopting t h e  
condi t ion  t h a t  a V L B I  network has n e i t h e r  t r a n s l a t i o n a l  nor r o t a t f o n a l  
motion as a whole, we i n v e s t i g a t e  how t h i s  condi t ion causes  biases i n  
estimated s t a t i o n  displacements and the  EOP. We b r i e f l y  remark on an 
assumption of smooth v a r i a t i o n  of s t a t i o n  pos i t ions .  

CONSTRAINING CONDITIONS 

We assume tha t  both t h e  EOP and the s t a t i o n  displacements vary stepwise 
with time. This  assumption is conveneient because i t  covers  wide range of 
types of v a r i a t i o n s  and is a basis of an assumption of smooth s t a t i o n  
displacements. We f u r t h e r  assume t h a t  a time scale of the EOP v a r i a t i o n  is 
much shorter than t h a t  of t h e  s t a t i o n  displacements. For observa t ions  I n  a 
period during which the s t a t i o n  displacements are regarded t o  be cons tan t ,  
the  c o e f f i c i e n t  matr ix  of VLBI observat ion equat ions is orthogonal t o  a 
matrix 
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where n by 6 and 3k by 6 matrices B and C ,  r e spec t ive ly ,  are given by 

r 

0 -nl m ,  ..... 0 - nk mk 
n1 0 -1, .... nk 0 ' lk 

-m, 1, 0 ....- mk l k  0 
1 0 0 .... 1 0 0 
0 1 0 .... 0 1 0 

, 0 0 1 .... 0 1 0 

and 

CT= 

I n  the  above n and k are a number of steps of the EOP i n  a s t e p  of the 
s t a t i o n  displacements and a number of con t r ibu t ing  s ta ions .  1, is a 3 by 3 
u n i t  mat r ix  and li ,mi and ni are d i r e c t i o n  cos ines  of the  10 th  s t a t i o n  
with respect t o  t h e  cu r ren t  terrestrial system. 

Corresponding t o  H, there are three kinds of condi t ions  among the  s t a t i o n  
displacements. They are 

n 
I L  

(i) C ni x A X i /  l X i l  - C (yr -xr ATr)T=O , where n i = ( l i  mi ni )T,  (4) 
2 1 

(ii) & ni x AXi=O, (5) 

(iii) r c (y, -xr A T ~ ) T = o ,  
1 

(6) 

The condi t ion  (1) leads t o  t h e  minimum length estimates and the  case of n=l 
was adopted by DERMANIS and MUELLER(1978). The condi t ion (111) implies t h a t  
the EOP has no secu la r  motion. The condi t ion (ii), which we i n v e s t i g a t e  i n  
t h e  fol lowing,  implies t h a t  there are ne i the r  r o t a t i o n  nor t r a n s l a t i o n  of a 
VLBI network. This  condi t ion is considered t o  be more appropr ia te  than t h e  
other two, because i t  approximates the Tisserand mean su r face  of the Earth 
and the EOP do not affect the s t a t i o n  coordinates. 

The assumption of stepwise v a r i a t i o n s  of s t a t i o n  p o s i t i o n s  is q u i t e  
general .  If t h e  displacements are, as i n  the  case of long pe r iod ic  t i d a l  
displacements,  expressed as 

m i ( t ) =  a i l f l l t )  (7) 

C n . x a  1 il = O .  (8) 

with unknown vec to r s  ail and known funct ion  of time f l ( t )  , t h e  condi t ion  
(ii) becomes as 

Therefore, a mututal  dependence among parameter vec to r s  is j u s t  the same as 
t h a t  of the  stepwise va r i a t ion .  The condi t ion  (1) is reduced t o  

and have to  be inves t iga t ed  for each 1 separately. 
J 1 1  n. x a il  - r f l ( t r ) (y r  -xr AT,)T=o ( 9 )  

CHARACTERISTICS OF SOLUTIONS THAT SATISFY THE CONDITION (11) 
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Actual displacements of the stations usually do not satisfy the 
'conditions described i n  the  previous section. Hence, solut ions of the  
observation equations differ from t rue  ones, even i f  there are no 
observation errors .  I n  order t o  understand charac te r i s t ics  of a network, i t  
is important t o  inves t iga te  how calculated displacements are d is tor ted  by 
imposed conditions. 

A Under t h e  condition (ii) estimated 
p , are l inea r  combinations of actual 

The rank of Q is 
Q l a  calclated by 
errors. The  last 

displacements A?, - 
ones. I n  a matrix form, we have 

and t h e  EOP, 

m,T ... A q  PT IT * (10) 

def ic ien t  by 6. Q depends so le ly  on geometry of a network. 
solving VLBI observation equations without observation 
three columns of Q are 

because P does not affect ~- 
We calculated Q for  several  networks. The number of s t a t i o n s  i n  each 

network ranges from 3 t o  10. Typical lengths of baselines are from several  
hundred t o  several thousand km. Figures 1 and 2 show some of the  r e s u l t s .  
Q is expressed as a response t o  a un i t  displacement i n  l oca l  topocentric 
coordinates. The networks shown i n  figures are Kashima -0RRLAS -Haleakala 
-Goldstone, Haystack -Richmond -0nsala -Wettzell -Kashima -0RRLAS -Haleakala 
-Goldstone -HRAS -Wanding. I n  t h e  former 4-station network, the input 
values are recovered by a factor  of 0.4 t o  0.7. Spurious displacements are 
not small. I n  some cases, t h e  spurious ones amount to  0.4. Th i s  is qui te  
large. It is noticed tha t  there are pairs of s t a t ions  f o r  which the 
displacements of one s t a t i o n  induce large spurious displacements of the  
other. Haystack -Richmond, Onsala -Wettzell and Haleakala -Goldstone a k  
examples of such pairs .  I n  the  case of the 10-station network, the recovery 
is improved t o  a factor  of about 0.7 t o  0.9. The spurious displacements are 
diminished. However, there still remain t i gh t ly  connected pairs, even though 
the  t ightness  is smaller. The almost same fea tures  are found f o r  8-station 
networks. I n  the case of a three s t a t i o n  network, a l l  s t a t i o n s  are t i g h t l y  
connected. It may be concluded tha t ,  f o r  a network composed of more than 8 
s t a t ions ,  most of t h e  observed three-dimensional displacements or ig ina te  
from ac tua l  displacements of the  s t a t ion  i tself .  This conclusion is not 
va l id  f o r  t h e  paired s ta t ions .  

3 shows spurious EOP induced by 1 m displacement of the s t a t i c n s  
i n  t h e  10-station network. The m a x i m u m  value of the  spurious EOP is about 
0?008. I n  the 4-station network, the resu l tan t  EOP are much larger. The 
maximum value amounts t o  0?08. Effects of the  s t a t i o n  displacements on the  
estimated EOP seriously depend on a s i z e  of a network as well as a number of 
staions.  For example, 1 m displacement i n  a network whose baseline lengths 
are several  hundred km typical ly  induces biases i n  the  EOP by Q?1 and the 
maximum value is 0?15. 

Figure 
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MAINTENANCE OF THE CTS B Y  SMOOTHING 

I n  the  s tepwise approximation of t h e  s t a t ion  displacements,  there is no 
r e l a t i o n  between consecutive steps. It is reasonable  t o  assume t h a t  t ho  
displacements change smoothly with space and time. For a V L B I  network ir, 
which t h e  s t a t i o n s  are not  densely d i s t r i b u t e d ,  t he  con t inu i ty  i n  space is 
not  important.  On t h e  other hand, i f  we u t i l i z e  the  con t inu i ty  i n  time, 
condi t ion  t o  sepa ra t e  the s t a t i o n  displacements from the EOP is requi red  
only at  an i n i t i a l  epoch. The con t inu i ty  i n  time is expressed by a first 
order devided d i f f e rence  as 

I = small. 
If we assume t h a t  higher order devided d i f f e rences  are small, j u s t  t h 3  same 
number of t h e  condi t ions  as t h e  order of d i f f e rences  are necessary to  
recover rank of the  obervat ion equations.  If the s t a t i o n  displacements are 
ca lcu la t ed  by using t h e  con t inu i ty  i n  time, t h e  system w i l l  show gradual 
r o t a t i o n  and t r a n s l a t i o n  w i t h  respect t o  t h e  i n i t i a l  reference system. 
Recovery of r o t a t i o n  and t r a n s l a t i o n  depends on an assumed smoothness of 
the s t a t i o n  displacements. The system w i l l  ne i the r  rotate nor translate if 
s t rong  con t inu i ty  is assumed, whi le  the  observat ion equat ions become 
i l l -condi t ioned  and hence the cons t ra in ing  condi t ions  are requi red  if  weak 
con t inu i ty  is assumed. 

We made s e v e r a l  experiments t o  see how t h e  s t a t i o n  disp1aceEents are 
biased by simultaneous usage of the cons t ra in ing  c o n d i t i o n ( i i )  and the  
requirement from smoothness. Smoothness depends on t h e  data used. We a 
posteriori  determined an optimum smoothness by using a Bayesian InformatSon 
Criterion(AB1C) We could not  f i n d  s i g n i f i c a n t  d i f f e rences  
of optimally smoothed case fromathe unsmoothed case where the  condi t ion  ( f i )  
was applie,d a t  each s t e p  of t h e  s t a t i o n  displacements. However, t h i s  is not  
a d e f i n i t i v e  conclusion, because t h e  r e s u l t s  strongly depend on tho  
simulated data. 

by AKAIKE(  1980) . 

CONCLUSION 

It is concluded tha t  a t  least 8-s ta t ion network is necessary t o  recover  
more than 80% of t h e  a c t u a l  displacement f o r  VLBI observat ions.  The s t a t i o n s  
have to be d i s t r i b u t e d  so as t o  avoid forming t i g h t l y  connected pa i r s .  
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ABSTRACT. Transformation between the solar barycentric 
coordinates and the geocentric ones is derived within the 
framework of relativity. It is found that general-relativistic 

well as special-relativistic ones, are important to analyze 
astrometric and geodetic data. 

effects in the transformation up to the order of (v/c) 2 , as 

They are: 
special-relativistic: 

1st order Doppler (aberration), 2nd order Doppler 
general-relativistic: 

contraction (or expansion), shear, and rotation, 
of proper reference frame. 
The contraction of space-coordinates includes Lorentz 

contraction and the one of time-coordinate does the well-known 
gravitational retardation of clock. The rotation means 
geodetic precession and the periodical llgeodetic nutatiorP. 
These are indispensable in the reduction of VLBI-observations. 

INTRODUCTION 

Three types of reference frames have been used in the field of positional 
astronomy. They are barycentric, geocentric and topocentric coordinates. Each of 
them is used to its proper purpose and may be transformed to each other. In the case 
of very-long- baseline-interferometric (VLBI 1 observations, it is also necessary to 
use them properly. The barycentric frame gives the basis to describe the Earth's 
position, planetary ephemerides and the source directions. The radio wave 
propagation is discussed also in this frame. The topocentric coordinates are related 
directly to the observers and to the local physical laws. The geocentric frame plays 
a role, of intermediary which, on the one side, relates to the barycentric frame by 
the celestial mechanical transformation ( including the general relativistic 
description of motion 1 and, on the other side, is related to the topocentric frame 
by the geophysical quantities such as the rotation and the deformation of the Earth. 
For the sake of this circumstance, the geocentric coordinates are usefil .to extract 
the geophysical quantities from the observational data. It is also a good reason to 
use the geocentric frame that it approximates the topocentric frame in some 
cases . 

High accuracies of the newly developed techniques such as VLBI, request inevitably 
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the general relativistic effects in the mutual relations among these three 
coordinates Systems. Some of the relativistic effects have already been included in 
certain previous analyses, but the inclusion seems to be imperfect so farm As shown 
later one derivation of a delay time in a VLBI observations does include the order 
of v /c correction in the time coordinate, but does not include such corrections in 
the spatial coordinates. As discussed later, the same order of magnitude corrections 
should be taken into account both in time and spatial coordinates aich, in SOme 
sense, can be measured by radio waves. 

In this paper we discuss on the relations between the geocentric frame and the 
barycentric one within the framework of relativity. In the next section we derive, 
as a simple case, the special relativistic equation of a delay time for VLBI stations 
which are locally moving With a constant velocity With respect to the barycentric 
coordinates. By this derivation, we point out an incompleteness in a currently-used 
formulation. In the third section we derive the fully-general transformation between 
the geocentric frame and the barycentric one relativistically. Each term in the 
transformation is discussed in the fourth section. Discussions on the topocentric 
frame are given in the fifth section and the conclusive summary is at the last 
section 

Through the present paper, Greek indices run from 0 to 3 while Latin ones do from 
1 to 3. We represent 4-vectors in bold-faced letters, >vectors in letters with a 
wavy underline, and 3x3-matrix in capital letters over a tilde. 

2' 2 

SPECIAL RELATIVISTIC CASE 

To see the special-relativistic effects on the geometrical relation of VLBI, we 
treat here a simplest example (Figure 1). Two observers ( denoted by A and B, 
respectively 1 are fixed in a frame moving along x-axis with a constant velocity J 
relative to an inertial frame ( here called "barycentric framem ) a  

Figure 1. VLBI stations moving with a constant velocity. The ($,?)-coordinates 
comoving with the stations, A and B, have a relative velocity L t o  the 
(x,y)-coordinates. 

An event is described by a 4-vector of which components are written as (c%,$,$,% 
= (xp) in the frame colnoving with observers, and (ct,x,y,z) = (xp) in the barycentric 
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frame. The components i n  both frames are related each other by a Lorentz 
transformation: 

(2-1 1 

2 4 1 / 2 1  where 
r= ( 1 - (v/c) 1 

In  a typical VLBI observation, we receive an electranagnetic wave emitted fian a 
very distant aource. The 
event of reception is described by one of the observers' 4-vector a t  which he 
receives a certain phase of the wave. I n  an elkonal approximation, the phase of a 
wave is given by (g yk''xJ)e where 

is 4-wave number vector of the wave and g ,, is a metric of space-time. 

The wave can be treated as a parallelly propagating wave. 

(kp)  = (a, kz, k,, k.1 

When t h e  observers A and B receive tC;'e same phase of t h e  wave, I t  holds 
that 

( gppk'X' 1 = ( gp,kht" )B 
This  is rewrit t en to a well-known expression as 

( t A ' t B )  = & * ( J A ' Z B )  
= - n e (  -& 1 / c 

where 2 = -A /a 1; the u n i t  vector of source direction 
common a t  both observers A and B. Since a phase (gfiokPxp 1 
Lorentz transformation, the equations (2-2) and (2-2') also 
qua;titi.s i n  the comoving frame and then we get 

h t A  - t B  = -'( & - Z B  )/c 

( 2-2 1 

(2-2'1 
and can be treated as 
is invariant under the 
hold for corresponding 

( 2-3 1 
The relations between 2 and & are easily derived f'ram the Lorentz transformation 

of 4-vector (kp). I n  our case, they are 
9 = ( nx+(v/c) I / (  1 + nxv/c 1. 

n e  = nz /U  1 + nxv/c 1 . 
Following Robertson's derivation (Robertson 19751, me starts from the equation 

n I + nxv/c 1, ' ( 2-4 1 n P =  Y 
which show a well-known aberrational effect. 

(2-2') and uses relations such as 

and 
t A  = t + A t  , t g  = t 

a ( t A )  =rA(t) +&(t)  A t  

3 a(t) + V & A t  

Equation (2 -2 ' )  is t h e n  rewritten as  

= A t / r -  r v  ( x A ( t )  - x B ( t ) )  / c2 
I n s e r t i n g  A t  of the equation (2-5) i n t o  (2-6). one can obtain 
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If one uses %patla1 .partn relations of the Lorentz transformation such as, 
(2-8) /r $A-?B = r(xA(t)-xB(t) 1, YA-gB = yA(t)-yB(t) , 

one can obtain the correct relation of the equation (2-3). 
Robertson's derivation and also Chop Ma's equation (Chop Ma 1978) seem to miss 

such %patial part" of the Lorentz transformation. Their nrelativisticn treatment 
is, therefore, inoomplete even in the order of (v/c)~. The effect in the equation 
(2-8) is the well-known "Lorentz contractionn, and our calculation showes here that 
the "Lorentz contractionn should be taken into account. 

TETRAD OF THE OBSERVER 

To discuss on the relations between coordinates within the frame of relativity, 
the concept of a proper reference frame gives a usefbl point of view (Misner et al., 
1970, 513.6). As a first step toward the construction of a proper reference frame or 
a local inertial system of the observer, we Will represent his tetrad ea 1 , the 
system of comoving orthonormal bases along his world line. 

Let us consider a following metric 
ds2 = - d$ = - ( 1 - 2 $ dt2 + 2 g*dx dt 

.....e + ( 1 + 2a9 d z d A  (3-1 1 
l s  

is small ( Y 10 -h in the neighbourhaod of the 
O(v3J. It is easily shown that 

under these assumptions. 
An orthonormal tetrad fixed to an observer obeys the following Fermi-Walker 

where and L a r e  scalar and vector gravitational potentials, respectively, and 
a constant parameter. 

Earth and also assume that @YO(v2) and 
the above metric includes all the effects up to O(v 

transpotation (Misner et al., 1970) 

Here 5 /62  is a covariant derivative along a world line o f  the observer and is 
expressed as 

where r is the Christoffel symbol and u is the rl-velocity of the observer. The 
matrix 

apuv - a,,# (3-4) 
We note that the O+anponent of equation (3-2) is the equation of motion of the 
observer . 

We take a unit system such hat c = G = 1 hereafter. 
We assume that the +velocity 

( 6/62 + a  1 %  = 0 ( 3-2 1 

bqP/sz = dqF/df + r$w u3qQ ( 3-3 

is expressed by u and the 4-acceleration a as 

'We can rewrite (3-2) as 
( d/dt + TT 1 e3 = 0 ( 3-5 

where 
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T p 9 =  (dt/dt) ( w,,w ur + a',, ) 
A solution of the differential equation (3-5) is obtained as 

ea(t) = U(t,to) ea<to) 
using a propagator U, which is given by the time ordered exponential as 

U(t,to) = expo C-jt 
= 1 - Ito lT(t1) dtl + T(t1) dtl 5:; n(t2) dt2 - ... ( 3-8 1 

In our problem, dt is O(v2) and we can neglect the third and the higher terms 
in the above expaniion. 

Using the metric (3-11, we obtain an explicit expression of U 

t( -lo ) ) + 0(~3) . 
U 
ry 

g= J A  dxldt, & = ' V A  I & B= 2 A L  . 
In the above expressions, suffix 0 stands for a value at to. 
@ and /\are direct and exterior products, respectively,i.e. 

and 
( .IIy a @k liJ = aibJ, 

as follows 
( 3-9 ) 

(3-12) 

(3-13) 
The symbols 

(3-14) 

(3-15) a A L = g @ g - & @ &  
The*wrdinate velocity 3 the 3-gradient V and the 3-extenal acceleretion f are 
defined as Am MLI 

vj = (dT/dt) uj , d = d/axj and fj = aj - aovj (3-16) 
It can be shown that the following representation of tetrad 
( eJ(t) I = tx + Oh3) (3-17) 

(l-@)L + 2@~/2 - N Q(t,-OO) 
is a solution since it satisfies the equations (3-71, (49) through (3-13). The dual 
tetrad is given as 

Oh3) (3-18) 

(3-19) 

.NI 

(l+r$)L + 3 ~ 1 2  + cv Q(t,-m) 
Comparing the above result with the Lorentz transformation matrix caused by 

velocity J- 

meaning of each term is obtained: 

(0.0 1 component 9 : gravitational time dilatancy 
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v2/2 ; kinematical or Lorentz time dilatancy 
(0, j) and ( 3 . 0 )  components 

(j,k) component 
'A, A : aberration or Doppler effect 

- X ~ J  : gravitational space contraction (isotropic) 
vqpv/2 : Lorentz space contraction (directional 1 

diagonal term --- anisotropic contraction 
off-diagonal term -- shear 

5 ) c y  

-Q : space rotation 
ICI 

-@dt --- rotation by space curvature 
=)adt/2 ==- rotation by second-order Doppler effect 

Y 

N 

IAdt N 

l d t  -- rotation by external accelereration 

-- rotation by external field motion 

We note that the usual Thomas precession is the secular term of the sum of 
rotation by second-order Dbppler and external acceleration, while the geodetic 
precession is that by second-order Doppler and space curvature. 

These terms will be evaluated in the following section. 

GEOCENTRIC PROPER REFERENCE FRAME 

The proper reference frame of the observer consists of his tetrad and spokes of' 
space-like geodesics started *om the tetrad at each proper time (Figure 2). The 
space-like geodesics are determined by integrating the geodesic equation in a given 
field. 'hey do not, however, differ much from straight lines in a Euclidean sense at 
least within the size of the Earth's radius. It can be shown that the deviation 
amounts to 

at most. 
v2* (the Earth's radius)/(radius of the Earth's orbit) 2' 

observer's 
world line 

e8 

Figure 2. A proper reference frame of an observer. 
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As a first approximation, we can consider the geocentric proper coordinates of the 
observer on the Earth ( being a scalar product of a dual 'tetrad { e a  1 and 
the geocentric position vector of the observer described in the barycentric fiame 

L 
r ,  

rQ = r.3 = rpedp (4-1 1 
We are, therefore, able to discuss the relativistic variations of the observer's 
position with respect to extra-solar objects e.g. quasars, by evaluating the 
variations of a tetrad at a geocenter. 

First of all, let us consider the case that the Earth mves on a Keplerian orbit 
around the Sun and the purturbations fram planets and the Moon are ignored. Assuming 
that the Earth moves on the (x,y)-plane, we have the following evaluations 

9 = (na) 2 (air), v2/2 = (na12[(a/r)-(1/2)3, 

{Ql2dt = (naI2/(1-e2) [-e sin(f) + 2tan-' [(l-e)/(l+e) tan(f/2)]] , 
where a, e, n, u, and f are the semi-jor axis, eccentricity, mean motion, eccentric 
anomaly, and true anomaly of the Keplerian orbit, respectively. The approximate 
values of na(?!v) and e are 

na = 9.94 x 10-5 Y 10-4 (note c = 1) 
and 

e = 0.0168 ? 

Therefore, we have na 9 e* and we can expand a tetrad's representation as a power 
series of e as follows 

eoB = 1 + (3/2)n 2 2  a + 2n 2 2  a e cosM 

=e18 = -eoT = na sinM + nae sin2M + nae2 ( 9sin3M - 3sinM )/8 
+ nae3 ( 8sin4M - 6sin2M )/6 

e 2 8 = eo* = na cosM + nae cos2M + nae2 ( 9cos3M - 5cosM )/8 

+ nae3 ( 8cos4M - 5cos2M ) / 6  

e39 = eoT = o 
1 2 2  e ? =  1 + n a ( 1 - 4 T -  cos2M )/4 

+ n2a2e ( ( 1 - 2'6)cosM - cos3M )/2 
el? = n2a2 ( - ( 2 + 4V)M - sin2M )/4 

( 4-3 1 

2 2  + n a e ( - ( 3 + 6T)sinM - sln3M )/2 
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n2a2 ( ( 2 + 4T)M + sin2M ) /4  

+ n2a2e ( ( 3 + 6 r)sinM - sin3M )/2 

e ? =  2 

e23 = 1 + n2a2 ( 1 - 4r+ C O S ~ M  )/4 

+ n2a2e ( ( 1 - 2lf )cosM + cos3M )/2 

1 3 e q = e 3 3 = 0  2 

e 3 9 = 1 - Tn2a2 - 
e 3 = e t =  

n'a'e COSM 

Here M is the mean anomaly of the Earth and the terms of 0(1Og1') are  ignored. 
Secondly, l e t  us evaluate t h e  e f fec t  of t h e  purturbations by other bodies. 
The main term of t h e  d i rec t  purturbation for the potential  
1 . 8 ~ 1 0 ' ~ ~  sin ( MJ 

The indirect  terms are obtained through t h e  purturbatlons for t h e  Earth's 

is 

where MJ is t h e  mean anomaly of the Jupiter. 

posi t ion,  which are g iven  by Newcomb (1895) as follows : 

This  has a period of 11.86 years. 

period/year 
lo4 x = 0.84 T s i n  ( M + 'ps 1 1 

1 . 092 + 0.35 

+ 0.31 s i n  ( D + 'pb ) 0.08085 

+ 0.26 

s i n  ( M - MJ + Y J  

s i n  ( 2M - 2Mv + 'p2y 1 0.7993 

+ 0.23 s i n  ( M - MV +'pv 1.598 
and 

lo4 x 6r /a  = 0.42 T cos ( M + yIs 

+ 0.31 COS' ( D + 'p'D ) 

+ 0.16 COS ( M M j  + <p'J ) 

+ 0.16 COS ( 2M - 2Mv + 9 2 v  
where x = r  COS^, and y = r s inhand  T is the  time measured i n  century (See 
also Kubo 1981). The angular variables MV and D are the mean anomaly of the Venus 
and t h e  mean elongation of t h e  Moon from the  Sun, respectively. 

On t h e  other hand, the typical terms neglected i n  t h e  expansion (4-3) are 
lo4 x 6h= 3.49 sin ( 2M +'p2s 

and 
lo4 x 6r /a  = 1.39 cos ( 2M + (9'2s 

, which are  semi-annual. 
Clearly the planetary and lunar contributions to  the potential 9 is less than one 

th i rd  of that of the semi-annular terms, while the monthly term is canparable to the 
semi-annular term i n  those of velocity and rotation matrix 2. 

These cause t h e  purturbations of 5 . 6 ~ 1 0 " ~  a t  most. 
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Thirdly, let us consider the effect of the vector potential induced by the 
motion of massive bodies. Following Misner et al. (1970, 539.81, a moving planet 
contributes to%h&as much as 

(barycentric momentum of the planet) 
*(barycentric distance of the Earth) 
/(distance between the planet and the EarthI3 

1 . 7 ~ 1 0 " ~  for the Sun, 
1.4~10'~3 for the Jupiter, and 
4 . 4 ~ 1 0 ' ~ ~  for the Saturn . 
In Table 1, we show the rough sketch of the variation of geocentric tetrad. 

without a numerical factor of O(1). 
is 

The rotation angle caused .by the above quantity 

Clearly they are negligible. 

Table 1. Amplitude and period of variations of a.geocentric tetrad 

amplitude period angular remark 
in year variables 

(proper time 1 
1 . 5 ~ 1 0 ' ~  (constant) - 
3.3x10-10 1.0 M 

1.0x10'4 1.0 M 

1 . 7 ~ 1 0 ' ~  0.5 2M 

3.1~10'~ 0.08085. . D 

(aberration) 

3 . 2x 1 0'8 0. 3333. 3M 

6.3~ 1 0-1 0.025 4M 

(proper space 1 
1) isotropic contraction and pulsation 

1 .OX10'8 (constant) - 
1 .7X10'10 1.0 M 

2 . 5x 1 Oo9 (constant) ' 

2 . 5x 1 0'9 0.5 2M 

2 . 5x 1 0-9 0.5 2M 

2) anisotropic contraction and pulsation 

8 . 4x 1 0" 0.3333. 3M 
3) shear 

8 . 4 ~ 1 0 ' ~ ~  0. 3333. 3M 

1 . 5 ~ 1 0 ' ~  (secular 1 - Geodetic precession 
7 . 5 ~ 1  0-l 1.0 M "Geodetic nut aion" 

4) rotation 
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TRANSFORMATION TO A TOPOCENTRIC FRAME 

To derive an exact relation between the geocentric frame and a topocentric one, 
following items should be taken into consideration: 

1. Tidal potential effect caused by gravitational field of the Sun and the other 
plhets makes spatial geodesics distorted. Then the transformation is deviated f rom 
a Cartesian one. 

Gravitational field of the earth distorts the internal space of the earth. A 
precise knowledge on the internal constitution of the earth is requested. 

Every effects on an observer's protion such as the earth rotation, the earth 
tide, the ocean tide etc. should be described in the geocentric frame. All the 
effects are to be re-examined carefully within the  frame of r e l a t i v i t y ,  

A s  to the item 1, we have already,fiscussed on it in the third section, It can be 
neglected even when the ord r of 10' is required. In the item 2, the distortion I s  
less than the order of lO-'' and can also be neglected, though it may be important to 
discuss on the definition of time. If the current non-relativistic treatment on the 
item 3 were justified to be a good approximation, the transformation between the 
geocentric frame and the topocentric one will be reduced to the usual transformation 
composing a parallel transport and a spatial rotation. However, this is not 
necessarily justified and remains open to questions. 

2. 

3. 

CONCLUSIVE SUMMARY 

Summarizing the present study, we note again the followings: 
1. In VLBI observations, it is important to distinguish clearly the two coordlsate 

systems, the solar barycentric frame and the geocentric one. 
2. Several relativistic effects, listed in the Table 1, should be taken into 

account in analyses of geodetic and astrometric data. Among them, the directional 
contraction of spatial coordinates is large enough to be detected observationally, 
though it has been omitted in the previous works. Periodic terms of isotropic 
contractions in space are slightly saaller than the present detection level, but are 
not negligible in the data analyses. Geodetic precession and "geodetic nutation" are 
the other effects of relativity. They need more accurate methods to be detected. 
Separability between the Earth rotation and them is also the problem to be clarified. 

3. There remain a lot of problems to be studied further , especially as for the 
relations of topocentric frames to the other frames. 
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ABSTRACT. The frame of t h e  Conventional Terrestrial Reference 
System (CTS) i s  defined by an adopted set of coord ina tes ,  a t  a 
fundamental epoch, of a g loba l  network of s ta t ions  which con- 
s t i t u t e  the v e r t i c e s  of a fundamental polyhedron. A method t o  
estimate t h i s  set of coordinates using a combination of modern 
three-dimensional geodet ic  systems (VLBI, SLR, LLR, GPS) is 
presented. 

Once e s t ab l i shed ,  t he  funct ion of t h e  CTS i s  twofold. The 
f i r s t  is  t o  monitor the  external (or  g loba l )  motions of the  
polyhedron with respec t  t o  the  frame of a Conventional Iner-  
t i a l  Reference System (CIS), i .e. ,  those motions common t o  
a l l  s t a t i o n s .  The second i s  t o  monitor the  i n t e r n a l  motions 
(or  deformations) of t h e  polyhedron, i .e.,  those motions t h a t  
are not  common t o  a l l  s t a t i o n s .  
estimators for use in earth deformation analysis and desc r ibe  
t h e i r  s t a t i s t i c a l  and phys ica l  properties. 

We present  two 9oss ib l e  

1. INTRODUCTION 

The frame of t he  f u t u r e  Conventional Terrestrial Reference System (CTS) i s  
t o  be defined a t  a fundamental epoch t o  by an adopted set of s p a t i a l  coordi- 
n a t e s  Xt  , of a global  network of s t a t i o n s  and t h e i r  motion models o r  by an 
equivalent  way (Mueller 1982, Kovalevsky and Mueller 1981). These s t a t i o n s  
def ine  the  v e r t i c e s  of a fundamental polyhedron whose deformation and move- 
ment with respec t  t o  the  frame of a Conventional I n e r t i a l  Reference System 
(CIS) i s  t o  be monitored through per iodic  re-observations.  The main d i f f e r -  
ences between t h i s  terrestrial  sys tem and t h a t  of t h e  cu r ren t  adopted CIO-BIH 
s y s t e m  are t h a t  in def in ing  the  former,  t he  s t a t i o n s  cannot be  assumed t o  be 
motionless wi th  respec t  t o  each o the r ,  and t h a t  t h e  observat ions w i l l  no 
longer be the  d i r e c t i o n s  of t h e  l o c a l  plumblines (determined by o p t i c a l  in-  
struments),  but  t e r r e s t r i a l  d i r e c t i o n s  (base l ines) .  It i s  assumed t h a t  t h e  
global  network w i l l  incorporate  s t a t i o n s  using base l ine  methods (VLBI,  GPS 
interferometry)  and coordinate  methods (SLR, LLR, GPS). 

0 

The func t ions  of t he  CTS are twofold. The f i r s t ,  r equ i r ing  near-continuous 
observat ions from a subset  of t he  polyhedron v e r t i c e s ,  i s  t o  monitor t he  mo- 
t i o n s  common t o  a l l  s t a t i o n s  of t h e  polyhedron wi th  r e spec t  t o  t h e  frame of 
a CIS. For example, estimates of po lar  motion every two days and v a r i a t i o n s  
i n  e a r t h  r o t a t i o n  each day are required,  both with an accuracy of 5 c m  o r  
b e t t e r  (National Research Council 1981). The second func t ion ,  involving a l l  

* On leave from Shanghai Observatory, China 
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the CTS stations (distributed over the major tectonic plates) is to monitor 
the deformations of the polyhedron, i.e., those motions not common to all 
stations such as interplate motions. may not require 
such an intense observational schedule since it is anticipated that due to 
plate velocities the time variations of the polyhedron coordinates should be 
secular and only in the subdecimeter range per year (Minster et al. 1974, 
1978). 

The second function 

The establishment of a reference system requires the adoption of well- 
defined computational and estimation algorithms. 
algorithms for the analysis of polyhedron deformations. 

We present two possible 

2.  ESTABLISHMENT OF THE CTS FRAME 

Considering the different measurement systems available, it will be naces- 
sary to merge several networks, each one defining essentially its own refer- 
ence frames, both CTS and CIS, i n t o  a common set. Suppose the relations be- 
.tween two CIS’S is 

Similarly, the relation between the two CTS’s is 

XI1 = Ri(Bi) R2(82) R 3 ( 8 3 )  XI 

The transformation from CIS t o  CTS is (Mueller 1969) 

(3)  

(4) 

I I XI = S NP x 

XI1 = SI1 NP x I1 

where common nutation (N) and precession (P) matrices are assumed to be used 
in both techniques. The earth rotation matrix is given by 

S = R2(-xp) Ri(-Yp) R 3 ( e )  ( 5 )  

in which x 
real Tirne.”Af ter some reduction and neglecting second-order terms, we arrive 
at (Mueller et al. 1982) 

yp are the coordinates of the pole and 9 is the Greenwich Side- 

I’ = - B ~  + a1 cose + ap sine ( 6 )  -byp = -(Yp - Yp 1 I 

-AX = -(xP I - XI1) = -82 - a1 sine + a2 cos0 (7) 

(8) 
P P 

Wd AUT1 = Wd(UT1 I I1 - UT1 ) = -f33 + a3 
where W is the ratio of universal to sidereal time. By station collocation, 
i.e., maintaining different instrument types at common sites, one determines 
the CTS differences (B angles). 
differences one finds the CIS differences ( a  angles). This indirect approach 
has been suggested by (Kovalevsky 1980). In this paper we will deal only 
with determining the CTS differences between the various systems by station 
collocation in order to establish a unique frame of reference defined by a 

d 
Then through the earth rotation parameter 
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cons i s t en t  set of coordinates  X . For determining t h e  CIS d i f f e rences ,  we 
r e f e r  t he  reader  t o  (Mueller et toal .  1982). 

Suppose t h a t  one base l ine  method, VLBI, and two coord ina te  methods, SLR and 
It is w e l l  known t h a t  LLR, are t o  p a r t i c i p a t e  i n  a campaign t o  estimate X . 

VLBI t i m e  delay observat ions are i n s e n s i t i v e  t o  the toabsolu te  o r i e n t a t i o n  of 
t he  base l ines  with respec t  t o  the  true-of-date frame, making coordinate  d i f -  
fe rences  and e a r t h  o r i e n t a t i o n  parameters (polar  motion and UT1) inseparable .  
I n  p r a c t i c e ,  t h i s  dependency i s  broken by i n i t i a l i z i n g . e a r t h  o r i e n t a t i o n  over, 
say,  t he  f i r s t  day of observat ions of a p a r t i c u l a r  campaign. As shown, e.g. ,  
i n  (Bock 1980), t h e  est imat ion of base l ine  components is then biased by t h i s  
i n i t i a l i z a t i o n .  Therefore,  cont inui ty  with the  present  terrestrial frame can 
be achieved by the  input  of B I H  po lar  motion and UT1-UTC values  f o r  t he  i n i -  
t i a l  s t ep .  I n  t h i s  way, a t  t he  fundamental epoch t o  the  new CTS frame call be 
a l igned  wi th  t h e  B I H  frame through the  estimated VLBI coord ina te  d i f fe rences .  
From the  SLR and LLR estimated coordinates ,  the  o r i g i n  of t h e  CTS frame could 
be made geocentr ic .  One i s  then led t o  t h e  following three sets of transfor- 
mation equat ions from which X can be estimated. 

t 0  

The f i r s t  set (9) includes one equation f o r  each LLR s t a t i o n  and has as obser- 
va t ions  XL t he  geocentr ic  coordinates  of s i t e  i. 
the  LLR s i t e  coordinates   xi)^, th ree  r o t a t i o n  angles  81, 8 2 ,  B 3  (connect- 
ing LLR t o  VLBI), a scale f a c t o r  c1 (LLR t o  VLBI) and t h r e e  t r a n s l a t i o n  terms 
61, 62, 6 3  (LLR t o  SLR o r i g i n ) .  For the  second set ,  t he  parameters are the  
SLR si te  coordinates  ( X i ) s ,  t h r ee  r o t a t i o n  angles  yl, y2, y3 (SLR t o  VLBI) 
and a scale f a c t o r  c2 (SLR t o  VLBI). For t h e  t h i r d  set, t h e  parameters are 
the  VLBI s i te  coordinates  (Xi)v, and t h e  observat ions are any independent sub- 
set of coordinate  d i f f e rences  AXv from the  VLBI estimated parameters. Differ-  
e n t  combinations of equat ions (9) t o  (11) could be formulated although those 
given here  r e f l e c t  today 's  s i t u a t i o n  (o r ig in  defined by SLR, o r i e n t a t i o n  and 
s c a l e  by VLBI). Addit ional  sets of equat ions could be added f o r  o the r  mea- 
surement systems (e.g., GPS). Considering (9) t o  (11) as observat ion equat ions 
and computing a weight matrix from the  covariance matrices of t h e  laser and 
VLBI adjustments,  one could then perform a least squares  adjustment t o  esti- 
mate X t o s  a cons i s t en t  set of coordinates  ( a t  t h e  co l loca ted  sites (Xi)L = 
(Xi)s  = (Xi)v) t h a t  would def ine  the  new reference  frame. It would be geo- 
c e n t r i c  and a l igned  with the  BIH frame a t  t o .  The optimal d i s t r i b u t i o n  of a 
global  network of s t a t i o n s  and the  quest ion of t h e  number and d i s t r i b u t i o n  of 
co l loca ted  si tes is t r ea t ed  i n  (Bock, i n  prepars t ion) .  

The parameters include 
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3. MAINTENANCE OF THE CTS 

3.1 General Descr ipt ion 

We propose t h e  se tup  f o r  maintaining t h e  CTS as depicted i n  Fig. 1 below. 
The polyhedron a t  t o  is  composed of a set of s t a t i o n s  whose fundamental coor- 
d ina t e s  are estimated as  described e a r l i e r .  I n  t he  f i g u r e  we see an observa- 
t i o n  schedule divided i n t o  two i n t e r v a l s ,  A and B. Level I s t a t i o n s  include 
the dedicated subse t  of the CTS observa tor ies  which monitor earth o r i e n t a t i o n  
on a continuous bas i s .  
( inc luding  Level I) which observe pe r iod ica l ly  i n  s h o r t  campaigns (shown in 
t h e  f i g u r e  by t h e  shaded po r t ions ) .  
estimated base l ine  lengths  and t h e i r  covariance matrix. This  da t a  would then 

For be used as descr ibed below t o  estimate the  polyhedron deformations AX 
example, as shown i n  the  f i g u r e  at the  end of i n t e r v a l  A, AXto is 
est imated from t h e  Level I1 observat ions and i s  then added t o  t h e  fundamental 
coord ina tes  t o  be used as input  i n  i n t e r v a l  B f o r  t h e  Level I so lu t ion .  I n  
Level I ,  as indica ted  by the  add i t ion  of t he  terms i n  bracke ts  t o  X t O ,  w e  
a l low t h e  p o s s i b i l i t y  of updating t h e  s t a t i o n  coordinates  f o r  t h e  
v e l o c i t i e s  V der ived from an adopted p l a t e  motion model. A l t e rna t ive ly ,  a 
co r rec t ion  c&ld be added r e t r o a c t i v e l y  on the  b a s i s  of t he  deformations esti- 
mated from t h e  next  Level I1 so lu t ion  i n  order  t o  r e f i n e  the  e a r t h  o r i en ta -  
t i o n  parameter estimates of Level I. 

Level I1 s t a t i o n s  include a l l  the polyhedron v e r t i c e s  

The Level I1 so lu t ions  would provide 

t i  

Since t h e  use  of Level I type of observat ions f o r  e a r t h  o r i e n t a t i o n  monitor- 
ing has  been the  sub jec t  of numerous recent  d i scuss ions ,  e.g. ,  (Gaposchkin 
and Ko&aczek 1981, Mueller e t  a l .  1982), i n  the  remainder of t he  paper w e  
d i scuss  only the  monitoring of e a r t h  deformation (Level 11). 

+ AXt 0 + Cvx(t-t,)l Xt, + Cvx(t-to)l XtO t- I- 

t0 ti 

Fig. 1. Schematic CTS operat ions.  
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3.2 Monitoring of Earth Deformation (Level 11) 

aD 

Di j  i j o  ax = D + 
i 

3.2.1 Introduct ion.  I n  the  a n a l y s i s  of e a r t h  deformation, a l l  CTS s t a t i o n s  
observe according t o  a spec i f i ed  schedule, the  observa t iona l  per iod being 
s h o r t  and inf requent .  
ods and comparison t o  the  corresponding values  a t  t he  i n i t i a l  epoch is  the  
b a s i s  f o r  monitoring e a r t h  deformation. Furthermore, t he  base l ine  l eng th  
parameter i s  t h e  common denominator between the  var ious  a v a i l a b l e  measurement 
systems,  being the  only s t r i c t l y  es t imable  parameter from a l l  techniques.  
These cons idera t ions  suggest a two-step approach f o r  Level I1 deformation 
es t imat ion  as opposed t o  a simultaneous adjustment of a l l  a v a i l a b l e  da t a  with 
coordinates  as parameters. I n  the  f i r s t  s t ep ,  t he  observat ions from each 
measurement sys tem are ad jus ted  separa te ly ,  each providing a set of estimated 
base l ine  l eng ths  f o r  input  t o  the  second s t e p  descr ibed below. 
w e  circumvent t h e  coordinate  (coordinate  d i f fe rence)  - o r i e n t a t i o n  
i n s e p a r a b i l i t y  problem and the  r e l a t e d  norm choice problem ( F r i t s c h  and 
Schaf f r in  1981). I f  only one measurement system is  involved, a simultaneous 
adjustment approach could be used, e.g. ,  (Manabe 1982). However, a two-step 
approach is p re fe r r ed ,  i f  only from the  p r a c t i c a l  cons idera t ions  of having t o  
dea l  with seve ra l  measurement types.  
t i o n s  are p a r t i c u l a r l y  amenable t o  such an approach s i n c e  once X is  adopted, 
base l ine  l eng ths  and ear th  orientation var ia t ions can be directly estimated i n  
t he  VLBI adjustment without a r t i f i c i a l l y  i n i t i a l i z i n g  a portion of the data 

Re-estimation of t h e  base l ine  lengths  over t hese  p e r i -  

I n  t h i s  way, 

It should be noted t h a t  VLBI observa- 

t 0  

w i t h  ex t e rna l  o r i e n t a t i o n  information. 

J J O  j Xo 
(X.-X. ) +... 
1 1 0  xo 

From the  re-estimation of t he  base l ine  lengths ,  t h e  size and shape of t he  
deformed polyhedron is completely defined. However, t h e  abso lu te  loca t ion  of 
the  polyhedron, i .e. ,  i t s  new coordinates ,  i s  undetermined from j u s t  t he  
change of t h e  length  of i t s  edges, bu t  t h i s  is what we seek. The problem i n  
t h i s  form is  s ingu la r  due t o  the  f a m i l i a r  o r i g i n  and o r i e n t a t i o n  de fec t s .  
order  t o  overcome t h i s  s i n g u l a r i t y  w e  propose two es t imat ion  techniques gen- 
e r a l i z e d  t o  a l low the  in t roduct ion  of an a p r i o r i  geophysical model f o r  the  
t i m e  varying motion of t he  polyhedron v e r t i c e s .  

In  

3.2.2 Mathematical Model and Deformation Estimation. Given are t h e  adopted 
fundamental coordinates  XO (we drop the  t from t h e  subsc r ip t )  and i t s  corres-  
ponding set of fundamental base l ine  lengths  D o .  
baseline l e n g t h s  D t o  Do. t h e  deformation of the polyhedron can be estimated. 

By comparing the  est imated 

The mathematical model i s  derived from t h e  length  on base l ine  i-j, 

Linear iza t ion  of t h i s  model about t he  fundamental coordinates  (here  Xo i s  not  
updated as i n  Level I) y i e l d s  

Adding a no i se  vec tor  n,  t he  observat ion equat ions can be w r i t t e n  i n  matrix 
form as 
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L = A X + n  

where f o r  t he  kth observat ion 

The parameter vec tor  X c o n s i s t s  of t h e  d i f f e rence  between t h e  deformed coor- 
d i n a t e s  and the  fundamental coordinates  (AX , AX of Fig. 1). 

t o  tl 

Define i n  the  observat ion space a weighted norm, 

where P i s  t h e  weight matrix of t he  observed base l ine  d i s t ances  obtained from 
the separate adjustments of the  d i f f e rence  measurement systems. Furthermore, 
i n  the  parameter space,  de f ine  the  weighted norm 

where M is the  inve r se  of the  moment matrix of the  adopted e a r t h  deformation 
model as w i l l  be described later.  

As mentioned above, the  problem is  s ingu la r  i n  t h i s  form, and the re fo re  ;the 
ordinary unbiased least squares  estimate does not  e x i s t .  Therefore,  w e  are 
r e s t r i c t e d  t o  t h e  class of biased es t imators ,  and w e  present  two with c e r t a i n  
optimal p rope r t i e s .  The f i r s t  is t he  b e s t  l i n e a r  minimum b i a s  es t imator  (Rao 
and Mitra 1972) 

where 

and the  + denotes 
t are computed as 

i1 = M-~N(NM-~N)+ u 
T 

T 

N = A P A  

U = A P L  

t h e  pseudo-inverse. Then t h e  deformed coordinates  a t  epoch 

which-are then used as input  i n  the  next  Level I so lu t ion .  
t h a t  X 1  i s  a minimum M-norm (condi t iona l  on) P-least squares ,  minimum b f a s  
and unique estimate which makes i t  very s u i t a b l e  f o r  our purposes. 
t he  estimate i s  biased t h i s  i s  not  a problem (and t h i s  has  been seen i n  simu- 
l a t i o n s )  as long as the  l i n e a r i z a t i o n  of (12) i s  performed about t h e  funda- 
mental coordinates  Xo. 
inner  cons t r a in t  estimate (Blaha 1971) is  given by 

It can be shown 

Although 

The equivalent  bu t  more computationally e f f i c i e n t  

(23) 
T -1 iil = [ (N + ~ c ~ ~ ~ 1 - l  - C ~ ( C M C ~ C M C  C I U  
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I * * *  S I 3 c =  [ I 
s1 s 2  

P 

where p i s  t h e  number of polyhedron v e r t i c e s ,  an.d I i s  t h e  3x3 i d e n t i t y  
matrix. These c o n s t r a i n t s  augmented t o  t h e  s i n g u l a r  normal matrix s a t i s f y  

A 

CMxl  = 0 

I f  M=I, they can be  d iv ided  i n t o  two sets of t h r e e  c o n s t r a i n t s  each ( w r i t i n g  
out the deformation vector X e x p l i c i t l y )  

These c o n s t r a i n t s  (26) en fo rce  r e spec t ive ly  the  r e f e r e n c e  frame maintenance 
cond i t ions  t h a t  t h e  o r i g i n  and o r i e n t a t i o n  of t h e  deformed polyhedron do n o t  
d i f f e r  from t h a t  of t h e  fundamental polyhedron ( i n  t h e  l eas t  squa res  M-norm 
sense ) .  Th i s  i s  c o n s i s t e n t  w i th  t h e  requirement  t h a t  t h e  c r u s t  should have 
only deformations,  i . e . ,  no r o t a t i o n s  and t r a n s l a t i o n s  (Kovalevsky and 
Mueller  1981). I t  can be shown t h a t  t h i s  approach i s  a discrete analogue of 
f i x i n g  t h e  axes  of t h e  CTS i n  t h e  deformable e a r t h  i n  t h e  Tisserand  sense  
(Moritz 1980a). Th i s  e s t ima t ion  technique has  been app l i ed  t o  h o r i z o n t a l  
c r u s t a l  deformation ana lyses  ( see ,  f o r  example, (Brunner e t  a l .  1980)) ,  and 
v a r i a t i o n s  of i t  have been suggested by (Moritz 1979, Cannon 1979, Bender and 
Goad 1979, Bender 1980, Dermanis 1981) f o r  a p p l i c a t i o n  t o  terrestrial r e f e r -  
ence frames. 

Consider ing t h e  e s t ima t ion  of X i n  (14) as f i l t e r i n g  t h e  s i g n a l  (deforma- 
t i o n s )  from t h e  n o i s e  (measurement e r r o r s )  and apply ing  t h e  Gauss-Markov 
theorem (assuming s i g n a l  and n o i s e  u n c o r r e l a t e d ) ,  w e  a r r i v e  a t  a second b ia sed  
estimate, t h e  minimum mean square  e s t i m a t o r  ( L i e b e l t  1967) 

n -1 T -1 T -1 -1 
X 2 = M  A ( A M  A + P  ) L 

Using a mat r ix  i d e n t i t y ,  t h i s  s i m p l i f i e s  t o  
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the  f a m i l i a r  Bayesian estimate, e.g., (Bossler 1972), i n  the  case  when M i s  
p o s i t i v e  d e f i n i t e .  The more general  case of a semi-posit ive d e f i n i t e  M m- 
t r i x  ( a s  occurs when us ing . an  absolu te  motion model) is  t r ea t ed  i n  (Bock, i n  
preparat ion)  f o r  both estimates. This  estimate minimizes the  norm XTMX un- 
condi t iona l ly ,  as well as the  sum XTMX + nTPn. 
ing of minimizing the changes in the s t a t i o n  coordinates i n  the global sense. 
Furthermore, it can be general ized t o  dea l  w i t h  t h e  real world s i t u a t i o n  of 
t h e  loss of a number of CTS s t a t i o n s  during a p a r t i c u l a r  deformation campaign 
(Level 11) o r  with the  add i t ion  of s t a t i o n s  t o  the  CTS network so t h a t  t he  
re ference  frame is  maintained (consider ing t h a t  t he  s t a t i o n s  themselves de- 
f i n e  the  re ference  frame). Details are given i n  (Bock, i n  prepara t ion)  fo l -  
lowing essent ia l ly  a least squares co l loca t ion  approach as ou t l ined  in 
(Moritz 1980). A comparison of the  estimates given by (19) and (29) and a 
study of t h e i r  i n t e r r e l a t i o n s h i p s  are made i n  (Bock, i n  prepara t ion) .  It i s  
found t h a t  both es t imates  are good candidates  f o r  use  i n  the  CTS maintenance 
algorithms. 

Thus i t  has  the  phys ica l  mean- 

3.2.3 The Model Matrix. The M matrix of (19) and (29) supp l i e s  a p r i o r i  
information on the  expected v e l o c i t i e s  of t h e  CTS s t a t i o n s .  For example, 
t h i s  could come p a r t l y  from an absolu te  p l a t e  motion model such as  computed 
by (Minster e t  a l .  1974, 1978) i n  which the  p l a t e  r o t a t i o n  vec to r s  are given 
w i t h  their  error estimates. Then the m o m e n t  matrix f o r  the ve loc i t ies  is  
given by 

where v i s  the  expected ve loc i ty  vec tor  f o r  t he  observing s t a t i o n s  as com- 
puted from the  adopted model and Cv i s  the  covariance matr ix  of t h e  veloci-  
t ies  derived by e r r o r  propagation from the  p l a t e  r o t a t i o n  vec tor  e r r o r  eszi- 
mates. The deformation vec tor  X i s  then r e l a t e d  t o  t h e  ve loc i ty  vec tor ,  
assume f o r  t h i s  d i scuss ion  l i n e a r l y ,  by 

x = (t-t0)V (32) 

where t - t o  is  t h e  t i m e  elapsed from the  fundamental epoch t o .  Then, 

M -1 = E{XX } = ( t - t o )2  E{WT} (33) 

An example and f u r t h e r  results are given i n  (Bock, i n  prepara t ion) .  

3.3 Concluding Remarks 

The algori thms presented i n  t h i s  paper have been t e s t e d  by s imula t ions  and 
found t o  be very promising f o r  CTS operat ions.  It is hoped t h a t  t h e  MERIT 
1983/84 campaign w i l l  provide an i n i t i a l  global  network of VLBI ,  SLR and LLR 
s t a t i o n s  and g ive  us  an opportunity t o  test these  algori thms on real da ta .  
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NOTE ON THE TERRESTRIAL REFERENCE SYSTEM FOR QIOODYNAMICS 

Ye Shu-hua 

Shanghai Observatory, Academia S i n l c a  

ABSTRACT 

Comments on the  es tab l i shment  of a new CTS, requirements 
of CTS s t a t i o n s  are diaousaed. Colocatlon of d i f f e r e n t  obeer- 
v i n g  technlques  and s e t t i n g  up observa t ion  of new t echniques  
on o l d  o p t i o a l  s i t e s  are emphasized. 

In  r e o e n t  yea r s ,  l n v e s t l g a t l o n a  of  geodynamics w i t h  cen- 
timeter level  prsolslon are becoming feasible owing t o  the  
a p p l i c a t i o n  of spaoe teohniquea. It l e  eaaentlal t o  s e t  up a 
new oonvent ioaa l  terrestrial  reference system (CTS)  wi th  oom- 
parable preoiaion. The o r i g i n  of the  new CT3 should be ooin- 
oided wi th  the  c e n t e r  of ma88 of t h e  Earth wh i l e  t h e  pole  of 
r e f e r e n o e  a8 well a8 t h e  aero meridian are def ined  by adop- 
t i n g  a set  of ass igned  s t a t i o n  coord ina te s  and t h e i r  ra te  of 
change of a group of s t a t i o n s  ohoaen appropr i a t e ly ,  

Although VLBI r e s u l t s  dur ing  MERIT s h o r t  oampaign were 
a l r e a d y  one o r d e r  of magnitude bet ter  than the  B I H ' s  o l a a s i -  
o a l  r e s u l t s ,  and the p r i n o i p l e  of VLBI obse rva t ion  is geome- 
t r i o a l  and fundamental, no sa te l l i t e  ephemerides are involved ,  
and t h u s  more s u i t a b l e  f o r  e s t a b l i s h i n g  a (23 network, y e t  we 
oannot d e f i n e  the  new CTS only by some VLBI s t a t i o n s .  Because 
f i r s t l y ,  motion of t h e  t e c t o n i o  p l a t e  on which the VLBI sta- 
t i o n a  looa ted  oan n o t  be e l imina ted  e f f e o t i v d l y :  and seoondxy, 
the VLBI observlng series were s h o r t  and sporadio ,  systematic 
e r . ro r s  due t o  obaerva t lon  and data prooessing are still sub- 
j e o t  t o  f u r t h e r  l n v e s t l g a t i o n s .  Carefu l  oomparisons between 
different teohniques w i t h  data o r  long enough t i m e  span are 
needed f o r  t h e  dlaoovery of t h e s e  sys t ema t lo  errors and f o r  
t h e  s tudy  of t h e i r  c h a r a o t e r i s t i o s .  And, i f  the  oompariaons 
o r  o a l i b r a t l o n a  between t eohn lquea ' a re  e f f e c t i v e l y  done, one 
oan reduoe the  r e s u l t s  of LLR, SLR, Doppler e to .  t o  the  system 
of VLBI. In t h i s  way, t he  number of  s t a t i o n s  whioh are used t o  
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d e f i n e  t h e  CTY can be g r e a t l y  extended, and t h e  s t a b i l i t y  of  
t h e  CTS w i l l  be muoh improved. There a r e  three ways f o r  t h e  
comparisons : 
(1  1. Comparing t h e  U T 1 ,  x,y obtained by observa t ion  networks 
of d i f f e r e n t  teohniquea. 

(2 ) .  Comparing t h e  s t a t i o n  ooord ina tes  of t h e  same s i t e  g i v i n g  
by d i f f e r e n t  techniques.  

(3 ) .  Comparing va r ious  processing8 of t h e  same d a t a  by ua ing  
d i f f e r e n t  phys ioa l  models and oonstants.  

Here, i n  ( 2 ) ,  the word "same s i te"  inc lud ing  some nearby a t a -  
t ions whiah ban be reduced t o  the same point by means of geo- 
d e t i o  prooedures. While ( 3 )  concerns mainly on how o l o s e l y  the 
observ ing  r e s u l t s  ( s t a t i o n  coord ina tes ,  Earth r o t a t i o n  para- 
meters, b a s e l i n e  l e n g t h s  e t c . )  r e l y  on o r  s e n s i t i v e  t o  t he  
phgslo8l models or ephemerides used. 

Requirements fo r  t h e  s t a t i o n a  u s e d . t o  d e f i n e  t h e  CTS: 

( 1 ) .  A t  least ,  three s t a t i o n s  are l o c a t e d  on eaoh main p l a t e ;  
and no lees than  two kinds of observing teohniques are used 
on one plate. 

(2 ) .  These s t a t i o n s  should n o t  be l o c a t e d  i n  a o t i v e  r eg ions  
of  earthquake o r  t e c t o n i o  movements. Looal v a r i a t i o n s  of  sta- 
t i o n  coord ina te s  (proper motion referred t o  mean mantle) should 
be appall enouRh, t o  keep a good s t a b i l i t y  of t h e  CT3. For the  
ve ry  beginning, s t a t i o n  of large proper motion oan be roughly 
estimated by the h i s t o r y  of observa t ions  of some nearby clas- 
sical s t a t i o n s  o r  geophysic data. 

(3 ) .  Prec i s ion  of t he  annual average of s t a t i o n  coord ina te s  
should be bet ter  than  10 am. 

It needs 5-10 years t o  establish t h e  f i n a l  CTS beoause 
of s e t t i n g  up  enoagh number of s t a t i o n s  as well ae of g e t t i n g  
a p r a o t i o a l  model of t h e i r  proper motions. Anyhow, 8 prelimi- 
nary  (39 can be adopted, and af ter  eomo r e v i s i o n s ,  the  f i n a l  
CTS may oome o u t  a u o c e s a ~ l l y .  
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Among t he  CTS s t a t i o n s ,  some of them devote t o  rou t ine  
observat ion of t he  Earth r o t a t i o n  parameters, w h i l e  t h e  o the r  
s t a t i o n s  only observe per iodica l ly ,  once o r  twice per year. 
fi1 tho s t a t i o n s  w i l l  be taken as standard poin ts  of t he  
world geodetio network, the  proper motion of each s t a t i o n  can 
be determine from the  va r i a t ion  of the  observed s t a t i o n  coor- 
d ina t e s  af ter  allowed f o r  t h e  Ea r th  ro ta t ion .  The proper mo- 
t i o n s  obtained imply information of plate motion, after modi- 
f i e d  t h e  s t a t i o n  coordinates by these proper motions w i l l  re- 
s u l t  a CTS uniform i n  spaoe and stable i n  time. Again, a l l  
t h e  s t a t i o n s  oan bo used t o  support  t he  mobile observat ions 
f o r  monitoring earthquake and teo tonic  a c t i v i t i e 8 .  

There are two poin ts  t o  be emphasised: first, f o r  the  sa- 
ke  of u8er 's  convenienoe, a smooth t r a n s i t i o n  between the  o ld  
and new C!J!S I s  desirable, that  13, the  orientations of the tuo 
CT3 should not d i f f e r  too muoh for  the  i a i t i a l  epooh, and, t he  
tran8formatlon veotor between the  two CTS must be detennlned 
o l e a r l y  f o r  an ove r l app iw  long enough period, say, s i x  years 
a t  least .  Secondly, inorder  t o  make using e f f eo t ive ly  the  long 
e x i s t i n g  data of c laaskca l  observations f o r  geodynemio researoh,  
i t  is bene f io i a l  t o  organise  per iodica l ly  observat ions of new 
techniques by meana of mobile VLBI, 3LR system o r  even Doppler 
r ece ive r  on the  same c l a s s i o a l  obaerving s i tes ,  e spec ia l ly  f o r  
t h e  ILS s t a t i o n s ,  o r  observator iea  ex is ted  f o r  many decades. 

gone observator iea  already have o r  in tend  .to e s t a b l i s h  se- 
v e r a l  observing teohnlques on or near the  same si tes  should bo 
h i g h l y  enoouraged, beoause they oan give d e t a i l  aomparieon bot- 
ween different technique3 whioh are having d i f f e r e n t  referenoe 
systems suoh as rad io  souroea, o p t i c a l  stars,  t h e  moon and va- 
r i o u s  a r t i f i o i a l  8atellitOS. By oarefu l  comparison of t he  rta- 
t i o n  ooordinates thus obtained, systematlo d i f fe renoes  between 
them can be d i s o o v e d  Although NASA already planned t o  s e n t  so- 
me mobile VLBI or  SLR s t a t i o n s  pe r iod ica l ly  t o  c e r t a i n  places 
ino rde r  t o  oompare t h e  differenaea of VLBI and 9LR data, It IS 
more per fereb lo  t o  have continuous on s i t e  oompariaon of d i f f e -  
r e n t  technique8 for long time i n t e r v a l ,  inorder  t o  s t u d y  the 
s h o r t  and long term va r i a t ions  end secu la r  s t a b i l i t y .  Aooording 
t o  the  Informations we have, in a near f u t u r e ,  there would be 
about one dosen observator ies  could make oont r ibu t lons  t o  con- 
t inuous on s i t e  cornparlaons, as mentioned above, t h e  word non 
e l t e n  inoluding nearby s t a t i o n s  whioh oan be preoise ly  reduced 
t o  the  same poin t  by means of appropiate geodetlo prOoedure8. 
Table 1 shows some cha rao te r i s t i oa  of these observator ies .  
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A s  one oan see from Tab. 1 ,  the distribution of these 
observatories I s  far from uniforaq, stat ions located on 9. 
Amerioa and Afrioa w i l l  be very useful. 

Table 1. Obeervatories ror oontinuous oomparieon 

S t e  t ion A C P  Remarks 

-Ope 

Asia 

11. her. 

Australia 

Paclflo 

Oroenwioh 

CERO A 

Po tsdam 
wet t5  e11 

Helsinki 
Sodankyla 

Crimea 

Shanghai 

Tokyo 

Ft .  Davis 

Riohmond 
Washing ton 

Oanborra 

lleUi 

O0 

7 
13 

13 

24 

27 
34 

121 

139 

2% 
279 
203 

149 

204 

51" 

44 

52 

49 
60 

67 
45 

31 

36 

31 

26 

39 

-3 5 

21 

Op, SLR, VLBI(Chi1boton) 

Op, LLR, SLR 

op, a m  
9LR, LLR, VLBI 
SLR, VLBI 
Op, VLBI 
Op, LLR 

Op, SLR, VLBI 
Op, 3LR, LLR, VLBI 

VLBI, LLR, SLR(MoDona1d) 

Op, VLBI 
Op, SLR(Oreenbe1t) 

op, m, LLR, VLBI 

SLB, LLR 

Motes: Op for o lass ioal  optio observation, 
gLR for LAOEOS traoking. 
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Qummnry : 

1. New CTQ should be baaed upon VLBI network, after oare- 
f u l  08libr8tIOn of syat.emat1o differences,  SLR, LLR, Dopplor 
s t a t i o n  should bo inaludod In ordor t o  improve tho aocuraoy 

and r t a b l l l t y  Of the  m8. 

2. OTQ s t a t i o n s  should be looated on overy major t ro tonlo  
p l a t e s ,  in order  t o  keop tho new OT9 motionless In referred t o  

the  mean mantle. A l l  the  CTQ s ta t ion8  a r e  regarded a8 standard 
point8 of ~ l o b a l  goobotio notwork with t h e i r  proper motion 80- 

dolled 

3. !Fhoro aro two kinds of Cl!B stations,  mort of thorn only 

oporpto on00 or twioe per gear t o  provide r t a t l o n  UOOrdln8tO8 
u i t h  preoir ion b o t t e r  then 10 om. A rubaot of CT9 r t e t i s n r  ror=  
ponsible f o r  rout ine  obrorvatlon of Earth ro t a t ion  parametorb. 

4*  For t h e  oa l lbra t ion  of ry r to ro t lo  differonoea between 
obsorving teohnlquos, it Is highly enoournged t o  os tab l l sh  
d l f foront  toohniquos (proforable f o r  oontlnuous obrervatlon) 
on t h e  aano or nearby s l toa .  

5. Tran8ltlon from the  old t o  the new CT9 must bo smooth 
and long onoueh ovorlapping time is needed. 

6. For tho S r l O  Of 6akiu O t f ~ ~ t i ~ o  U80 Of the low O l t i O -  

t i n g  ol88810al data and f o r  the  old end new C!P8 oal lbra t ion ,  
i t  is.desirable t o  a o t  up now obaorvlng toohnlquea on the  old 
si tes,  evon f o r  p o r i o d l o a l l ~  observations ruoh as mob110 VLBI 
and SLR sjrtom o r  D0ppl.r rooelver. 

A8 t he  neu CT.9 Is so important t o  many disolpl lnea,  and 
setting up a s t c t i o n  of new toohnlquo roqulros great e f f o r t  t o  

mako i t  rea l l so ,  ue must on11 the  a t t en t ion  of In te rna t iona l  
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s o i e n t i f i o  union8 rrlerent and national eoieatifio oommmities 
to support firmly for the eatablishment of the new CTS and the 
~ r r ~ o t i v ~  l i a i n g  or the old end new CTS. 
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THE DEDICATED USE OF CONNECTED-ELEMENT INTERFEROMETRY 
FOR EARTH OR1 ENTAT ION 

Dennis D. McCarthy, P. Angerhofer, A. Babcock, 
D. R. Florkowski, F. J. Josties, W. J. Klepczynski, D. Matsakis 

U.S. Naval 0bservato.ry 
Washington, D. C. 20390 U.S.A. 

ABSTRACT. The U.S. Naval Observatory is using 
observations made with the 35-lan baseline, connected- 
element interferometer at Green Bank, West. Virginia for 
the routine determination of Earth orientation 
parameters. These data are available in a homogeneous 
system since July 1980. Three days of observations are 
used to form a single estimate of the parameters. Since 
information f r o m  just one baseline is available, only 
two parameters which are combinations of the polar 
coordinates and Universal Time (UT11 can be derived. 

Comparison of these data with values derived from the 
Bureau International de 1,'Heure (BIH) information and 
from other modern techniques permits estimates to be 
made of the precision and possible accuracy of the 
connected-element interferometer values as well as the 
overall usefulness of the technique for the dedicated, 
routine determination of the orientation of the Earth. 
Systematic differences with annual and semi-annual 
signatures appear in the comparisons. Using the span of 
data which is available, these systematic differences 
seem to be modellable, and, following their removal, the 
external precision of the raw three-day time and polar 
motion components appears to be between + 5 0  and + l o 0  cm 
(+0!02 to - +0!03). The internal precision lies 6etween 
+TO. and - +80 cm, depending on the meteorological 
conditions. Experience in the use of these data in 
combination with those from other techniques shows that 
the connected-element interferometer data with this 
external precision are available within a few days 
following the observations. While a much longer span of 
data is required to determine the usefulness of this 
information in maintaining a consistent reference system 
i t  now appears that this technique is eminently suitabl-e 
to meet user needs, particularly those requiring rapid 
estimates of Earth orientation and/or predictions for 
the near future. Ongoing improvements including the 
addition of a second perpendicular 35-km baseline and 
improved atmospheric modelling are expected to increase 
the future usefulness' of these data. 
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INTRODUCTION 

Since 1 October 1978, the U.S. Naval Observatory has been using 
observations made daily with the 35-km baseline, conmected- 
ePement radio interferometer at Green Bank, West Virginia for the 

instrument has been described previously (Hogg, et al., 1969; 
Pomalont and Sramek, 1975; Johnston, et al., 1979;,). 
Observations are made at frequencies of 2695 and 8085 MHz with a 
26-meter telescope at Green Bank and with a 14-meter telescope 
located 35 Ian away. Phases of the interference fringes are used 
to derive the components of the baseline vector in the reference 
frame determined by the adopted source positions, precession and 
nutation theories, and the assumed rotation angle of the Earth. 
These vector components are then combined with baseline 
parameters adopted to be consistent with the conventional 
terrestrial reference system defined by the Bureau International 
de 1'Heure (BIH) values for UT1 and the position of the pole of 
rotation with respect to the Conventional International 
Origin (CIO). 

routine determination of Earth orientation parameters, The 

Since data from only one baseline are currently available, it is 
not possible to use the connected element interferometer data t o  

(polar coordinates, x and y, and UT1-UTC). Therefore, the 
observations are combined so as to provide estimates of the 
motion of the pole and UTO-UTC that would be observed by a 
classical astronomical instrument at some position on the Earth 
not related to the geographic position of the interferometer at 
Green Bank (McCarthy, et al., 1980). This is done so that the 
data can be used easily in the established algorithms of the BLH 
and the International Polar Motion Service (IPiMS) f o r  the 
determination of standard values of the polar motion and 
astronomical time. 

obtain estimates of a l l  three Earth orientation parameters 

The polar motion component is given by 

where B, and B are the components of the baseline defined in the 
rotating convJntiona1 terrestrial reference system lying in a 
plane parallel to the equatorial plane which is, in turn, 
perpendicular to the direction of the CIO. The component B, lies 
in the plane of the local meridian and B is directed toward the 
west. The quantity A B  is the differeKce between the observed 
and the adopted value 07 the third vector componentp Bz. This 
component is perpendicular to the plane of the equator and 
directed northward. The origin of this local coordinate system 
is at the Green Bank antenna. 

Similarly, the UT0 component is given by 

t = (AB, - ABy)/(B, + By) , 
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where A B x  and ABy again represent the differences between the 
observed and adopted baseline components. The polar motion 
component is equivalent to the variation of astronomical atitude 
which would be observed along the meridian of longitude 4' 3m 4 2 s  
East. The value of UTO-UTC is e uivalent to that which would be 
observed at longitude g h  lgm 20' West and latitude 44O 1 2 '  36" 
South. 

As outlined by Johnston et al.,(l979), the advantages expected to 
be gained from the routine operation of a connected-element 
interferometer for the determination of Earth orientation 
parameters can be s m a r i z e d  as follows: 

1. 

2 .  

3. 

4 .  

5 .  

6 .  

low cost due to relatively simple electronics, 
single station operation, and the ease with which 
the operation can be automated; 

the ability to determine Earth orientation 
parameters very quickly following the actual 
observations; 

the minimization of the effects of differential 
atmosphere, ionosphere and solid Earth tides due to 
the short length of the baseline; 

avoidance of problems with errors in clock epoch 
and time due to the correlation in real time; 

lack of a requirement for a high-precision 
frequency standard; 

a simple solution which avoids possible 
correlations comnon in solutions with many 
unknowns. 

However, since the baseline components must be determined with 
millimeter accuracy, any relatively minor systematic errors such 
as deformations or inadequacies in the atmospheric model may 
cause significant systematic errors in the derived Earth rotation 
parameters. With the Green Bank system the remote antenna is 
located at an altitude 200 meters higher than the 26-meter 
antenna in Green Bank. The systematic differences which might 
arise f r o m  this difference in height are examples of possible 
problems which might be expected from the use of this technique. 

Preliminary investigations, carried out before the start of 
routine operations in 1978, showed that this instrument could 
provide useful information required to meet the specific needs of 
the U.S. Naval Observatory. These requirements are to supply 
users with the most accurate Earth orientation information 
available as quickly as possible following the actual 
observations and to provide predictions of this information. The 
purpose of this paper is to report on the results to date of the 
daily operation of the Green Bank interferometer in the light of 
the anticipated advantages and disadvantages and the requirements 
of the U.S. Naval Observatory. 
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OPERAT ION 

The connected-element interferometer is operated routinely 24 
hours per day, seven days per week for the determination of the 
Earth orientation parameters and to make observations in support 
of this program. These additional observations may include 
observations of sources not currently used in the regular 
observing program which are made in an effort to improve the 
current program by the addition of possible new sources. The 
observing program for the determination of the Earth orientation 
parameters consists of sixteen sources (Kaplan, et al., 1982) 
whose positions have been determined through the use of the 
interferometer observations themselves. These sources which ape 
distributed about the sky visible from Green Bank are observed 
continuously throughout the day. Normally about five minutes of 
observing time is spent on each source before the antennas ace 
moved to observe another. Approximately five minutes is required 
to move from source to source. The frequency with which each 
source is observed depends on its visibility from Green Bank. 
This program is repeated each sidereal day. 

Observations are made at 2695 Mhz and 8085 Mhz at right and left 
circular polarization. Only the right circular polarization 
information is used for the analysis. A cesim-beam atomic 
frequency standard is used to provide time and frequency 
reference. A phase-stable microwave link connects the 
two antennas. 

In the process of .observing, the online real time system 
determines a value of the fringe amplitude and phase for each 
t h i r t y  seconds o f  observing time. These are recorded on magnetic 
tape and sent to the U.S. Naval Observatory in Washington where 
this information is corrected for instrumental, atmospheric, and 
ionospheric effects (see Kaplan et al., 1982). Possible drift in 
the local oscillator is also accounted for. Some editing of the 
data is required at this point. The data are then used to 
determine the components of the baseline as mentioned above. 
These components are used to estimate the Earth orientation 
parameters. 

RESULTS 

The observations used in this study were made during the period 
from 1 July 1979 through 31 December 1981. I t  was found from 
analysis of the data obtained in the early part of this period 
that the internal precision of the observations was improved with 
the use of corrections for the effects of the differential 
ionosphere at the two sites. Since observations made before 
1 July 1979 were not corrected for ionospheric effects they are 
not included in this study. 
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T o  describe the value of these data to the routine determination 
of Earth orientation information we must first characterize the 
requirements for this type of data. For this the data are 
usually described by their precision, accuracy, consistency, 
resolution, and availability. 

Pr ec i s i on 
without r 
measured 

refers to the agreement of the data with themselves 
egard to a standard system. The internal precision is 
by the formal mean error of an individual estimate of 

the observation. External precision refers to the agreement of 
these estimates with themselves over some period of time. I t  
could be measured by the rms of the residuals f r o m  a smooth curve 
or by the Allan Variance, for example. Again, no reference is 
made to a standard reference system when we refer to precision. 

Accuracy incorporates the concept of an external standard 
reference frame. The formal accuracy is frequently measured by 
the rms agreement of the observational estimates with some 
standard set of data. Thus, the effects of systematic 
differences between the reference systems in which the 
observations were treated and the standard system enter into the 
measurement of the accuracy. I f  the systematic errors can be 
modelled analytically, the observational estimates can be 
adjusted to the standard system. In this case the working 
accuracy can be estimated by the rms of the residual following 
the adjustment of the estimates to the standard system. 

Consistenc refers to the ability to model these systematic 
over relatively long periods of time. This can be 

estimated by comparing the different models of systematic errors 
obtained using different sets of observational data. In this way 
we can estimate the error introduced by the systematic error 
models which is contributed to the observations when they are 
reduced to the standard system. I f  there are wide variations in 
the systematic error models determined over different periods of 
time the data may be useful in interpolation but may not be 
useful for long-term use. 

Resolution refers to the length of time between the observational 
estimates. This parameter may be limited by weather, by 
observing procedures, or by economic considerations. Earth 
orientation data gathered at sporadic intervals may be of little 
use in a routine system. T o  be most useful, data should be 
available routinely and fairly often. 

Availability refers to the length of time which is required to 
treat the data following the actual observations. For many 
purposes the data are most useful when they are available quickly 
following the observation. For others, such as research, this 
may not be an important consideration. 

56 



With these parameters in mind, the connected-element data derived 
during this period of time may be evaluated for the:r 
usefulness. The resolution of the data considered in this study 
is three days. That is, the data from three days of observations 
are used to form one estimate of the baseline orientation. This 
period of time was chosen to provide sufficient data to achieve 
adequate precision routinely. Shorter resolution would produce 
data with degraded precision and accuracy for some periods of 
time. During relatively good periods of observing the resolution 
could be shortened. This could also be reduced if the sources of 
error which currently contribute to the error in the derived 
information could be treated in an improved manner. 

The internal precision of these three-day estimates of time ar,d 
polar motion components are found to be + O ? O O l l  and + 0!1015 
respectively. The external precision estimated by t h e  A l h m  
Variance of the data or bx the rms of the residuals f r o m  a smooth 
curve is found to be + 0.0022 in time and + O"035 in the p o k r  
motion component. T h e  formal accuracy computed from the rms of 
the residuals of the data from that predicted using the final 51H 
values is - + 0!0040 in time and - + OV041 in polar motion. 

The difference between the external precision and the forms1 
accuracy seen above is an indication of the effects of possible 
systematic errors in the interferometer observations. In time 
(UTO-UTC) the systematic difference with respect to the BIH is 
characterized by the following representation after adjustmer.t 
for a constant term: 

Observations - BIH = 0!0017 sin 2nT + 0!0035 cos 2nT 
-0!0003 sin 4nT + O!OOlO cos 4nT, 

where T is the fraction of the year. In the polar motion 
component the analogous representation is: 

Observations - BIH = -0V007 sin 2nT - OV031 cos 2nT 
+0?007 sin 4nT + OV001 cos 4nT 

The effect of this systematic error can best be seen if  we 
transform the systematic differences with respect to the BIH data 
in the baseline components to a local coordinate system. In this 
system the x axis is directed in the vertical direction while the 
y axis is directed to the west and the z axis is towards the 
north. In this coordinate system we find that the systemetic 
error in baseline component length can be given in 
millimeters by: 

x = -3.3 sin 2nT - 7.9 cos 2nT + 1.2 sin 4nT - 0.2 cos 4wT, 

y = 2.8 sin 2nT + 3.2 cos.2n.T - 0.4 sin 4nT + 2.8 cos 4nT, 

z = 1.5 sin 2nT + 1.4 cos 2nT - 0.9 sin 4nT + 1'.2 cos 4nT, 
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and the systematic error in the length of the baseline can be 
given by: 

L = 0.1 sin 2nT - 0.2 cos 2nT - 0.6 sin 4nT - 0.2 cos 4nT. 

As can be seen from the above, there is no significant systematic 
periodic variation in the observations of the length of the 35-km 
base1 i ne. However, there does appear to be a significant 
periodic error in the vertical component of the baseline which 
essentially causes the apparent systematic difference between the 
observed and the standard BIH estimates of the Earth orientation 
parameters. Fits of the systematic errors in the time and polar 
motion components are shown in Figure 1. Figure.2 shows a f i t  of 
the systematic errors in length and in the baseline components in 
the local coordinate system. 

0:oos 

- Of00 5 

03s 

Fig. 1. Systematic differences in the time and 
polar motion components derived from connected- 
element interferometer observations. 
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2. Systematic differences in the baseline 
components in a local coordinate system. 

Further investigation of possible systematic variation in the 
length of the baseline as a function of time shows that the 
length is remarkably stable. Figure 3 shows monthly means of the 
estimates of the baseline length, L, with respect to the adopted 
value. As can be seen the length is very stable. This indicates 
that the source of the systematic errors with respect to the B I H  
derived estimates is an apparent rotation of the baseline. 
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Fig. 3. Variations in the baseline length. 

The residuals f r o m  the BIH can also be compared with residuals 
from the estimates derived using polar coordinates obtained from 
sources independent of the BIH. A standard cross-correlation 
technique was used to investigate the possibility that the 
apparent systematic errors may not be entirely due to the 
interferometer observations. The co-amplitude spectrum of the 
interferometer polar motion component residuals from the BIH and 
the residuals in the same component between the value derived 
from the University of Texas ttquick-lookft polar coordinates 
obtained using the laser observations of the artificial Earth 
satellite LAGEOS and the BIH (Tapley and Schutz, 1982) shows no 
significant correlation. This indicates that the polar motion 
systematic error probably does lie in the interferometer 
observations. 

The source of this systematic error continues to be 
investigated. Water vapor radiometers (see Klepczynski, et al., 
1 9 8 2 )  are scheduled to be installed in an effort to investigate 
the effect of water vapor on the baseline estimates. Possible 
improvements in the dry atmosphere model are also being 
investigated (Florkowski, 1982) in an effort to account for 
possible seasonal effects in the observations. The current 
neutral atmospheric correction assumes that the structure of the 
dry atmosphere is fixed and thus does not change with season. 
Therefore an annual systematic error might be expected from 
this source. 

Analysis of the systematic error models shows that the 
consistency of this type of representation is 2 0!0017 in time 
and + 0!'011 in the polar motion component. Combining the 
external precision with the consistency leads to the conclusion 
that the working accuracy of the connected element interferometer 
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as i t  is currently operated, and accounting for the systematic 
error model, is + 0!0029 and + 0!’038 for the three-day estimates 
of time and polarmotion respectively. 

The availability of the data is limited by the sending of the 
magnetic tapes through the mail to about five days. This could 
be improved by the addition of an on-line reduction capability at 
Green Bank or by an alternate means of transferring the observed 
phase data to the U.S. Naval Observatory. 

OONCLUS ION 
Analysis of the connected-element interferometer data  shows that 
the estimated accuracy of the data is of such a quality to be 
highly useful in the determination of Earth orientation 
parameters. The accuracy of the data has been utilized by the 
BIH in the final determination of its 1981 estimates of Earth 
orientation parameters. There, the connected-element irtter- 
ferometer provided 13% of the weight of the solution for UT1-UTC 
and 3% of the weight of the polar motion solution (BIH Annual 
Report for 1981). This technique is particularly helpful for the 
routine rapid determination of UT1-UTC where other modern 
techniques have not yet been able to make high precision results 
available routinely and quickly. For example, the interferometer 
data currently provides 47% of the weight of the USNO solution in 
UT1 and 6% of the USNO polar motion solutSon. 
(McCarthy, 1981). The ease in operation and the speed with which 
the reduced data are available have made this approach essential 
in helping to meet the requirements of the U.S. Naval Observatory 
for the routine determination of Earth orientation data. I t  is 
anticipated that as the improvements mentioned are completed the 
accuracy of the data will be improved leading to an even higher 
weight in the BIH and USNO solutions for Earth orientation 
parameters. 
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OPERATION OF THE NATIONAL GEODETIC SURVEY POLARIS NETWORK 

D. S. Robertson and W. E. Carter 
National Geodetic Survey, National Ocean Survey, NOAA 

Rockville, Maryland, 20852, U.S.A. 

ABSTRACT. The National Geodetic Survey ( N G S ) ,  under project 
POLARIS, has been opera t ing  a two-station very-long-basellne 
in te r fe rometry  ( V L B I )  network for  the purpose of determining 
polar motion and UT1 (Universal  Time) s ince  November 1980. 
The network operated about twice a month wi th  t h e  Haystack 
observatory,  Massachusetts and the Harvard Radio Astronomy 
S t a t i o n  (HRAS),  Texas, u n t i l  Westford replaced Hays tack  i n  
June 1981. Since tha t  time, observat ions have been made a t  
a rate of about once per week. Onsala Space Obse rva to ry ,  
Sweden has made cooperat ive observations about once per month, 
except during a 5-month period i n  the midd le  of 1981 when 
its S-band antenna was being refurbished.  The participation 
of Onsala is p a r t i c u l a r l y  important,  s ince  it p r o v i d e s  t h e  
a b i l i t y  t o  estimate a l l  three components of Ear th  r o t a t i o n ,  
i n s t e a d  of j u s t  two components. About 4 to  6 weeks are 
cu r ren t ly  required t o  convey the  raw data tapes t o  Haystack 
observatory for co r re l a t ion ,  and convey the correlator output 
to NCS headquarters in Rockville,  Maryland for analysis. It 
s h o u l d  be p o s s i b l e  t o  r educe  the  time requ i r ed  for this 
process t o  about 2 weeks. After the  data a r r i v e  a t  NGS t h e  
rou t ine  analysis  of t h e  data and es t imat ion  of pole position 
and UT1 parameters r equ i r e  only a few hours, barring unusual 
problems. The operat ion of the POLARIS network I s  providing 
va luable  experience i n  dea l ing  with the problems encountered 
i n  running a VLBI network on an operational basis. A s  ou t l ined  
i n  another  report a t  t h i s  conference (Carter and Robertson, 
1982), the data from t h i s  network are providing pole position 
d e t e r m i n a t i o n s  whose a c c u r a c y  matches o r  exceeds  those 
a v a i l a b l e  from any other technique, and. whose t h e  resolution 
exceeds other techniques by an order of magnitude or  more. 
We expect  these r e s u l t s  t o  improve as the p ro jec t  matures. 

INTRODUCTION 

In November 1980, inmediately following the MERIT short  campaign, t he  National 
Geodetic Survey began a cont inuing series of V L B I  observing se s s ions  t o  monitor 
E a r t h  r o t a t i o n  on a r e g u l a r  basis. T h i s  series of observat ions was a p i l o t  
a c t i v i t y  t o  p r o j e c t  POLARIS ( m a r  mot ion  AnalysILS 'by Radio I n t e r f e r o m e t r i c  
surveying) .  The observat ions pr imar i ly  u t i l i z e d  t h e  XRASHaystack Interferometer, 
wi th  occasional p a r t i c i p a t i o n  by the  Onsala Space Observatory, Sweden. I n  June 
1980, the Westford POLARIS faci l i t ies  were completed and the first genuine POLARIS 
observat ions using t h e  HRAS-Westford in te r fe rometer  were made. By t h e  close of 
1981 more t h a n  20 s u c c e s s f u l  o b s e r v i n g  s e s s i o n s  had been completed and the 
HRAS-west ford i n t e r f e r o m e t e r  was o p e r a t i n g  rou t ine ly ,  producing one 24-hour 
observing se s s ion  per  week. Th i s  product iv i ty  has continued through the present  
time. Each ses s ion  y i e l d s  estimates of the  base l ine  length ,  the x-component of 
polar  motion, and UT1-UTC. 
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The planning, observing, and data reduct ion and analysis aspects of a typical 
POLARIS session were described i n  Robertson and Carter (1982).  The r a t i o n a l e  
and basic strategies have not changed. However, improvements i n  the Mark 111 data 
a c q u i s i t i o n  system and d i f f e rences  i n  the performance of the Haystack and Westford 
antennas have r e su l t ed  i n  some opera t iona l  changes. We w i l l  briefly explain these 
changes before reporting on the  geodetic information obtained thus  far from IVGS 
V L B I  a c t i v i t i e s .  

REFINEMENTS I N  PROCEDURES 

The Mark I11 V L B I  data a c q u i s i t i o n  system was improved to  allow 14 observing 
frequency channels, ins tead  of the  seven used during the  MERIT observations. We 
assigned 8 frequency channels t o  X-band observat ions and 6 t o  S-band, as shown 
I n  table 1 . The r e s u l t i n g  improvement i n  the determination of the delay observable 
can be illustrated by p l o t t i n g  the delay r e so lu t ion  f u n c t i o n  (Whitney, 1974),  
which, f o r  a g i v e n  se t  of o b s e r v i n g  f r equenc ie s ,  shows the s t r u c t u r e  of the  
side-lobes and ambigui t ies  for the correlation process. Figure 1 shws the delay 
r e so lu t ion  func t ions  for  the  three frequency sequence used in the S-band MERIT 
observat ions,  and for the  s ix  frequency POLARIS observations. As shown, the 
S-band group delay ambiguity for the  frequency sequence used  d u r i n g  t h e  MERIT 
period was only 40 nanoseconds. The characteristic size of S-band i o n o s p h e r i c  
effects was t y p i c a l l y  about 40 t o  50 nanoseconds. It was therefore very difficult 
t o  r e s o l v e  t h e  a m b i g u i t i e s  i n  t h e  S-band data i n  t h e  presence of unmodeled 
ionospheric  effects. The new frequency sequence has  ambigui t ies  spaced a t  200 
nanoseconds, and the  their r e so lu t ion  is no longer hampered by ionospheric effects. 
T h i s  improvement has  e l i m i n a t e d  t h e  major d i f f i c u l t y  i n  the  post correlator 
processing, so the  final processing of a POLARIS se s s ion  can  now t y p i c a l l y  be 
completed i n  a few hours. 

Observing Frequencies (Mhz) 
X-band S-band 

1. 8210.99 2215.99 

3. 8250.99 223 5 99 
4. 8310.99 2265.99 
5. 8420.99 2290 99 
6.  8500.99 23 00 9 9 
7. 8550.99 
8. 8570.99 

2. 8220.99 2220.99 

Table 1. L i s t  of the 8 X-band and 6 S-band f r e q u e n c i e s  used  f o r  t h e  POLARIS 
observations.  

The somewhat poorer X-band performance of the Westford antenna, as oarnpared 
t o  the larger Haystack antenna, dictated some changes i n  the observing schedule. 
A few sources  were too dim to  produce reliable fringes, and brighter replacements 
were selected. Some of the  sources  were marginal i n  brightness,  and the dura t im 
of t h e i r  o b s e r v a t i o n s  was i n c r e a s e d .  The added complexity of scheduling and 
processing observat ions of d i f f e r i n g  dura t ions  has  not been a significant problem. 
However, there remain sources for w h i c h  we are still l o s i n g  some of the observat ions 
on c e r t a i n  base l ines  (e&,  HRAS-Onsala), and we have not ye t  decided t h e  b e s t  
way to correct t h a t  s i t u a t i o n .  Table 2 lists the sources  cu r ren t ly  being used. 
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Figure  1 .  S-band d e l a y  r e s o l u t i o n  f u n c t i o n s  for the  t h r e e  channel MERIT 
observations and for the six channel POLARIS observations.  
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Figure 2. Westford-HRAS baseline length estimates, p lot ted  as  differences frau 
t h e i r  weighted mean. The value of the weighted mean was 3134928.06 m. 
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Source Name 
I A U  Alternate 
0 106 +O 13 
021 2+735 
0234+285 

055 2+3 9 8 
4 0355+508 IRA0150 

0851+202 05287 

1226+023 3C273B 
1404+286 04208 

1641+399 3C345 
4 2134+004 2134+00 
2200+420 VR422201 

4 2251+158 3C454.3 

0923+392 4C39 25 

16 37 +57 4 

R t .  Asc. 
h m s  
01 06 04.5181 
02 12 49.8774 
02 34 55.5765 
03 55 45.2277 
05 52 01.3732 
08 51 57.2298 
09 23 55.2943 
12 26 33.2460 
14 04 45.6284 

16 41 17.6401 
21 34 05.2261 
22 00 39.3880 

16 37 17.4755 

22 51 29.5335 

Decl ina t ion  

+01 19 01.074 

+28 35 11.201 
6 0  49 20.068 
+39 48 21.924 
+20 17 58.596 
+39 15 23.828 
+02 19 43.470 
+28 41 29.524 
+57 26 15.972 
+39 54 10.991 
+00 28 25.020 
4 2  02 08.331 
..+15 52 54.184 

d m s  

+73 35 39-683 

Durat ion 
seconds 
110 
21 0 
21 0 
110 
110 
21 0 
110 
110 
21 0 
21 0 
110 
110 
21 0 
110 

Table 2. L i s t  of the  14 sources  c u r r e n t l y  used for  the  POLARIS o b s e r v a t i o n s .  
The coord ina te s  of t h e  sources  marked wi th  * were s u f f i c i e n t l y  well known flvrm 
previous observa t ions  tha t  they were held f i x e d  i n  the s o l u t i o n s  p r e s e n t e d  
here. 

Water vapor radianeters (WVRs) are now located a t  both ends of the HRAS-Westford 
interferometer, and data are r o u t i n e l y  collected d u r i n g  a l l  of the  POLARIS 
observing se s s ions .  The sof tware r equ i r ed  t o  r e d u c e  t h e  WVR o b s e r v a t i o n s  and  
apply the  c o r r e c t i o n s  t o  the  V L B I  obse rva t ions  is not  y e t  o p e r a t i o n a l ,  so no WVR 
in format ion  was used i n  ob ta in ing  the r e s u l t s  presented  here. 

RESULTS 

The estimates of the  length of the  Westford-HRAS interferaueter  are tabulated 
i n  table 3, and t h e  d i f f e rences  about  the i r  weighted mean are plotted i n  figure 8. 
The RMS scatter of these estimates is only 1.7 cm, or less than  1 p a r t  i n  10 . 
Since the base l ine  l eng th  is expected t o  be cons t an t  i n  the absence of' significant 
t e c t o n i c  a c t i v i t y  ( i n  c o n t r a s t  t o  t h e  base l ine  vec to r  components which e x h i b i t  
large v a r i a t i o n s  caused by e r r o r s  i n  t h e  3 Driori, polar motion and UT1 v a l u e s )  
the scatter i n  the estimates of base l ine  l e n g t h  can be taken as a measure of the 
q u a l i t y  of the V L B I  r e s u l t s .  The scatter seen i n  f igure 2 is a factor of two or 
three larger than would be expected from an  a n a l y s i s  of the errors i n  the observed 
delays,  and is bel ieved  t o  be largely caused by unmodeled atmospheric effects .  
These unmodeled a t m o s p h e r i c  e f fec ts  may be domina ted  by v a r i a t i o n s  in the  
atmospheric water vapor content .  A s  mentioned earlier, we are tak ing  data wi th  
water vapor radiometers designed t o  calibrate and eliminate the  effects of t h i s  
component of t h e  atmosphere. If the water vapor c a l i b r a t i o n  equipment works as 
expected, we should expec t  t o  see a decrease in t h e  l e v e l  of the  scatter of t h e  
base l ine  Length estimates. 

The polar motion and UTI values fm the MERIT and POLARIS data are summarized 
i n  t ab le  4, and p l o t t e d  i n  f i g u r e s  3 and  4 a s  d i f f e r e n c e s  from the  Bureau 
I n t e r n a t i o n a l  de 1'Heure (BIH)  C i r c u l a r  D values .  For t h e  cases where the  VLBI 
data were inadequate  t o  estimate a parameter (e.g., the Y-component of t h e  pole 
for  t h e  s i n g l e  base l ine  observa t ions)  t he  va lue  g iven  is the  one which was fixed 
i n  the  V L B I  s o l u t i o n  and not  ad jus ted .  No formal error is given  i n  these cases. 

66 



Figure 3. MERIT and POLARIS estimates of the  X-Component of t h e  p o l e ,  p l o t t e d  
as  differences from the BIH Circular D values. One millisecond of arc is 
approximately 3 om of motion at one Earth radius. 
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Figure 4. G%T and %,ARIS estimates of UT1, plotted as differences from the 
BIH Circular D values. One millisecond of time is  approximately 45 cm of 
motion at the Earth's equator. 
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Run Code Date 

821 7-1 147 
821 7-1 154 
8217-1201 
821 7-1 208 
8217-1212 
8217-1 21 9 

11316-1450 
113 16-1 458 
1 13 16-1 507 
11 316-1 51 5 
1 13 16-1 525 
11317- 709 
12019- 800 
12019- 828 
12019- 848 
12019- 912 
12019- 928 
12019- 952 
12019-1010 
12085- 911 
12085- 919 
12085- 927 
12085- 934 
8218- 111 
8218- 119 
821 8- 129 
8218- 137 
8218- 159 
8218- 206 
8218- 212 
821 8- 21 9 

Weight 

81/ 5/14 
81/ 6/25 
81/ 7/ 2 
811 7/ 9 
81/ 7/16 
81/ 7/23 
81/ 7/30 
81/ 8/ 6 
81/ 8/27 
81/ 9/ 3 
81/ 9/10 
811 9/17 
81/ 9/24 
81/10/ 1 
81/ 101 16 
81 / 1 O/ 29 
81/11/ 5 
81/ 11/11 
81 / 1 O/ 22 
81 / 1 1 / 25 
81/12/ 3 
8 1 / 1 2/ 17 
81 / 1 2/ 23 
81/12/30 
82/ 1/ 7 
82/ 1/14 
82/ 1/21 
82/ 1/28 
82/ 2/ 2 
82/ 2/11 
82/ 2/18 

;ed Mean 

Value 
m 

3 13 4928 03 5 
3 134928 03 9 

3 134928 075 
3 134928.1 06 

31 3 4928 . 086 
3 1 3 492 8 . 07 2 
3 134928 . 06 2 

3134928.052 
3 13 4928.07 2 
3 134928 . 06 1 
3 13 4928 . 06 8 

3 134928 . 050 
3134928.109 

3134928.095 

3 134928.059 

31 3 4928 035 
3139928,012 
3 134928 . 034 
3 134928.066 
3 134928 . 06 9 

31 3 4928 . 07 1 
31 34928.090 
3 134928.048 
3 134928.06 4 

3 134928.06 4 
3134928.044 

3 134928.053 
3 134928 . 051 

3 1 3 4928 06 0 

31 34928 073 

3 13 4928 035 

3 1 3 492 8 057 

Difference 
cm 

-2.5 
-2.0 

4.7 
1.5 
2.6 
1.2 

02 
3.6 
- 0  8 
1.2 

0 1  
.8 -. 1 

-1 00 
4.9 

-2.5 
-4.8 
-2.6 

.6 
- 9  

1.3 
1.1 
3 - 0  

-1.2 
.4 

-2.4 
.4 

-1 -6 
-03 -. 7 
-.9 

RMS Scatter 

Formal error 
cm 
2.3 

1.7 
1.5 
3.0 
1.1 
1 a 6  

2.1 
1.4 
1.9 
1.5 
1.9 
2.0 
1 *7 
2.7 

2.8 

1.8 
2.9 
1 *3  
2.0 
1.4 
1.9 

09 
1-3 

.9 
1.2 
1-3 
1.3 
1.5 
1.3 

.8 
1.1 

1.7 

Table 3. Westford-HRAS base l ine  length measurements obtained from t h e  POLARIS 
observations.  

The VLBI v a l u e s  shown i n  f i g u r e s  3 and 4 e x h i b i t  s i g n i f i c a n t ,  meter-level 
d i f f e rences  from the BIH values. The s ign i f i cance  of these d i f f e r e n c e s  w i l l  be 
discussed, and a comparison of similar d i f f e r e n c e s  s e e n  w i t h  o the r  o b s e r v i n g  
techniques w i l l  be presented i n  a companion paper a t  t h i s  conference (Carter and 
Robertson, 1982). 

CONCLUSIONS 

The opera t ion  of the POLARIS network is demonstrating t h e  f e a s i b i l i t y  of 
employing V L B I  techniques t o  monitor the r o t a t i o n  of the Earth on a daily basis. 
We intend  t o  maintain the  cu r ren t  observing schedule through t h e  s ta r t  of t h e  
p r o j e c t  MERIT l o n g  campaign in t h e  summer of 1983, at which po in t  the t h i r d  
POLARIS s t a t i o n  a t  Richmond, Florida should be o p e r a t i o n a l .  The o b s e r v a t i o n  
dens i ty  w i l l  then be increased t o  once each f i v e  days, and European observatories 
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Date 
Y m d  
80 9 27 
80 9 28 
80 9 29 
80 9 30 
80 10 1 
80 10 2 
80 10 3 
80 10 17 
80 10 18 
80 10 19 
80 10 20 
80 10 21 
ao i o  22 
80 10 23 
80 11 4 
80 12 2 
80 12 20 
81 1 8 
81 1 23 
81 2 13 
81 2 28 
82 3 17 
81 5 14 
81 6 17 
81 6 24 
81 7 2 
81 7 9 
81 7 16 
81 723 
81 7 30 
81 8 6 
81 8 26 
81 9 03 
81 9 10 
81 9 16 
81 9 24 
81 10 1 
81 10 16 
81 10 22 
81 10 29 
81 11 4 
81 1 1  1 1  
81 11  25 

X Sigma 
(msec o f  arc) 
-16.4 1.4 
-13.3 1.6 
-13.0 1.3 
-12.1 1.3 
-14.8 1.3 
-16.2 1.4 
-13.3 1.3 
-4.0 --- 
-3.0 1.2 
-4.1 1.0 
-4.6 1.3 
-4.7 1.1 
-7.3 1.2 
-4.6 1.1 
1.1 1.2 
41.7 2.0 
65.0 1.3 
77.2 2.0 
83.8 1.4 
103.7 1.8 
93.8 3.5 
97.1 3.4 
106.1 3.0 
88.7 1.2 
82.9 5.2 
76.9 2.8 
78.2 2.5 
62.6 4.6 
70.2 2.0 
73.7 2.2 
51.2 3.1 
16.0 2.4 
-7.6 2.5 
-11.7 2.2 
-7.6 2.5 
-21.6 2.9 
-40.7 2.3 
-67-7 2.3 
-77.0 1.9 
-77.1 2.2 
-86.2 2.3 
-95.3 1.8 
-101.9 2.5 

Y Sigma 
(msec of arc) 
340.7 1.5 
341.1 1.6 
337.7 1.4 
337.4 1.6 
342.0 1.6 
337.9 2.8 
339.6 1.6 
351.0 --- 
353.8 1.4 
353.9 1.8 
357.2 1.3 
355*3 1*3 
354.8 1 .5  
355.3 1.3 
366.9 --- 
365.6 1.7 
359.0 1.1 
355.1 --- 
331.6 1.2 
324.0 -0- 

300.7 2.0 
296.4 9-0 

253.8 --- 
233.2 2.8 
216 80 -0- 

207.9 --- 
202.0 -0- 

196.3 --- 
191 86 --- 
187.4 -0- 

183 07 --- 
181.5 --- 
183.3 --- 
186 06 --- 
191.9 -0- 

201.4 9-1 

209.8 9-9 

228.8 9-- 

233.6 1.6 
248.1 0-9 

258.3 -0- 

272.0 -0- 

300.8 --- 

UT1-UTC Sigma 
( seconds 1 
04098 
037 97 
03522 
-03264 . 03 042 . 02825 . 02596 - 006 85 

- 0  00933 
-.01182 
-.01443 

-.02017 
-.02338 
- 0  05558 
- 0  12437 
0.16822 
-.21104 
-* 24925 
0.29575 
- 0  32903 
- 0  37 843 

0.606 37 
-061714 
.37014 . 36 044 
-34508 

. 3221 4 

.28052 

.26969 

2391 8 

18896 
17500 . 15748 
.14483 
12855 
.09669 

- .017 25 

I. 52960 

35390 

33309 

29093 

025735 

22302 

.00006 

.0001)8 

.00007 
00007 
00007 . oooog 
00007 

-0- . 00006 . 00007 
.00006 
00005 . 00006 

.00005 
00008 . 00009 . 00007 
.00016 . 00006 . 0001 4 
.00013 . 00027 
. 00009 
00045 . 00024 
00020 
.00040 
.00015 
.00018 . 00026 . 0001 8 
.00028 
.00017 
.00019 . 00022 . 0001 8 
.00017 
.00008 
.00017 . 0001 8 
.00014 
.00021 

00025 

Table 4. Polar motion and UT1 values estimated from the MERIT and POLARIS VLBI 
observations. 
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Table 4 cont. 

Date 
Y m d  
81 12 03 
81 12 17 
81 12 23 
81 12 30 
82 1 7 
82 1 14 
82 1 20 
82 1 28 
82 2 2 
82 2 1 1  
82 2 18 

X Sigma 
(msec of arc) 

= 88.2 2.6 
= 96.2 1.7 

-86.4 1.7 

-64.4 2.0 
-51.3 2.1 
-46.3 3.0 
-36.0 2.7 
-5.6 1.6 

6.9 2.0 

-91.5 1.9 

-79.2 2.0 

Y Sigma 
(msec of arc) 
318.4 -9- 

348.0 -=- 

360.0 =-- 

374.0 -=- 

389.8 --- 
400.7 -0- 

409.2 -=- 

417.0 -=- 

422.1 -- 
429.7 --= 

434.5 -0- 

UT1-UTC Sigma 
(seconds ) 
.08012 . 00021 . 04820 .00013 . 03452 .00021 . 021 53 .00013 
.00306 .00015 

-.01246 .00015 
=.02717 .00017 
= . 03828 00023 
= . 04866 00023 
w.06812 .Ob012 
-.Os390 .00017 

may be par t io ipa t ing  a t  an increased frequency. The additional work load cawed 
by additional baselines and more frequent observing schedules is not expected t o  
pose s igni f icant  problems either for scheduling o r  processing the  observations. 
On the other hand, the increase i n  the qua l i ty  of t h e  data is expected t o  be 
s ignif icant .  The additional baselines w i l l  not only a l l o w  the estimation of a l l  
of the  components of the  or ientat ion of the  Earth,  but w i l l  substantially improve 
the  estimates of the parameters which we are able t o  o b t a i n  w i t h  t h e  c u r r e n t  
baseline. For example, estimates of UT1 during the MeRIT campaign, when European 
baselines were operating, have formal e r ro r s  about a fao tor  of f i v e  smaller than 
corresponding estimates from only a single baseline. 

In Summary, the RsVltS already Rraduced by the POLARIS project are demonatrably 
better than those produced by conventional techniques both in terms of spat ia l  
and temporal resolution, and s u b s t a n t i a l  progress is being made toward f u r t h e r  
quant i ta t ive  improvements. 
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DETERMINATION OF INTERCONTINENTAL BASELINES AND EARTH QRIENTATION 
USING VLBI 

0. J. Sovers, J. L. Fanselow, G. H. Purce l l ,  Jr., 
D. H. Rogstad and J. B. Thomas 

Jet Propulsion Laboratory, California I n s t i t u t e  of Teahnology, 
4800 Oak Grove Drive, Pasadena, CA 91109, USA 

ABSTRACT. A series of e x p e r i m e n t s  h a s  been conducted  d u r i n g  
t h e  last decade t o  explore  the capabi l i ty  of very long base l ine  
i n t e r f e r o m e t r y  (VLBI) t o  measure t h e  crustal and ro ta t iona l  
motions of the earth w i t h  .accuracies a t  the centimeter level.  
The observing s t a t i o n s  are those of NASA's Deep Space Network 
i n  California, S p a i n  and  A u s t r a l i a .  A m u l t i p a r a m e t e r  f i t  t o  
t h e  observed va lues  of delay and delay rate y i e l d s  radio source 
p o s i t i o n s ,  p o l a r  mot ion ,  u n i v e r s a l  time, t h e  p r e c e s s i o n  
c o n s t a n t ,  b a s e l i n e  v e c t o r s ,  and s o l i d  ear th  tides. Souroe 
p o s i t i o n s  are o b t a i n e d  w i t h  formal errors of t h e  order  of 
0".01. UT1-UTC and po la r  mot ion  are  d e t e r m i n e d  a t  49 
epochs, wi th  formal  error estimates (la) for the  more r e c e n t  
data of 0.5 msec for UT1-UTC and 2 t o  6 mas f o r  polar  motion. 
In t e rcon t inen ta l  base l ine  l e n g t h s  are de te rmined  w i t h  formal 
errors o f  5 t o  10 cm. The Love numbers and ear th  t i d e  phase 
lag agree with the commonly accepted values. 

INTRODUCTION 

Over t h e  l a s t  few years, c o n s i d e r a b l e  p r o g r e s s  h a s  been made toward 
r e a l i z i n g  the p o t e n t i a l  c a p a b i l i t y  of radio in te r fe rometry  t o  measure the 
c r u s t a l  and r o t a t i o n a l  mo t ions  of t h e  earth a t  t h e  c e n t i m e t e r  l e v e l  (e.& 
Thomas e t  al. 1976, Rogers e t  al. 1978, Ryan e t  al. 1978, Niell e t  al. 1979, 
Herring e t  al. 1981). Toward t h i s  goal, a series of experiments w i t h  NASA's 
Deep Space Newtork (DSN) antennas has been conducted over the last decade. 
I n  a l l ,  48 s e s s i o n s  have  been carried o u t  u s i n g  8 d i f f e r e n t  a n t e n n a s  on 
three continents.  Delay and/or delay rate observables have been measured on 
two l o c a l  b a s e l i n e s  ( a t  Golds tone ,  C a l i f o r n i a  and a t  Madrid, Spa in ) ,  on  a 
t r a n s c o n t i n e n t a l  b a s e l i n e  ( C a l i f o r n i a  to .Massachuse  tts, U S A ) ,  and on two 
i n t e r c o n t i n e n t a l  base l ines  (Goldstone t o  Madrid and to  Canberra, Australia).  
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A m u l t i p a r a m e t e r  f i t  has  been a p p l i e d  t o  these o b s e r v a b l e s  t o  extract  
astrometric and geophysical parameters .  These p a r a m e t e r s  i n c l u d e  s o u r c e  
pos i t ions ,  po lar  motion, un iversa l  time, the  precess ion  constant ,  base l ine  
v e c t o r s  and s o l i d  e a r t h  t i d e s .  T h i s  paper  summar izes  t h e  g e o p h y s i c a l  
r e s u l t s  obtained from the i n t e r c o n t i n e n t a l  measurements. 

INTERFEROMETRY TECHNIQUE 

I n  t h e  p r e s e n t  e x p e r i m e n t s ,  two s e p a r a t e  i n t e r f e r o m e t r y  s y s t e m s  were 
employed. The prototype system used i n  the early measurements recorded a 
s ingle  narrowband (24 kHz) channe l  a t  S band (2.3 GHz) and therefore c o u l d  
only measure delay rate accura te ly  (Thoffias 1972). To ob ta in  measurements of 
delay as well, a new system was developed and implemented i n  1977 (Thomas 
1981). It r e c o r d s  s i x  t i m e - m u l t i p l e x e d  f r e q u e n c y  c h a n n e l s  t o  p e r m i t  
calculation of delay by bandwidth syn thes i s  (BWS), a technique pioneered by 
Rogers (1970). Three 2 M H z  wide channels are placed a t  S band and t h r e e  a t  
X band (8.4 GHz) t o  allow dual - f requency  c a l i b r a t i o n  of c h a r g e d - p a r t i c l e  
delays. This new system can measure delay with a prec is ion  (system no i se  
e r r o r )  of approximately 100 psec, given a co r re l a t ed  source s t r e n g t h  of 0.5 
Jy, an i n t e g r a t i o n  time of 3 minutes, a spanned bandwidth of 40 MHz, and two 
64-m DSN antennas wi th  system temperatures of 35 K. 

SUMMARY OF EXPERIMENTS 

The need t o  o p t i m i z e  d e t e r m i n a t i o n  of each c lass  of a s t r o m e t r i c  and 
g e o p h y s i c a l  p a r a m e t e r s  imposes  s t r i ngen t  and sometimes confl ic t ing 
r e q u i r e m e n t s  on the  d e s i g n  of a VU1 o b s e r v i n g  schedule .  Maximum 
s e n s i t i v i t y  t o  p o l a r  motion and UT1 r e q u i r e s  concurrent or  consecutive 
s e s s i o n s  (wi th in  24-48 hours) on t h e  Cal i fornia/Spain base l ine  ( e s s e n t l a l l y  
east/west) and the Cal i forn ia /Aus t ra l ia  base l ine  ( w i t h  a large n o r t h h o u t h  
component). Development of a reference frame r e q u i r e s  complete coverage of 
the sky and seve ra l  observat ions of each source dur ing  the period of mutual 
v i s i b i l i t y  fo r  each p a i r  of s t a t i o n s .  E s t a b l i s h i n g  accurate p o s i t i o n s  of 
enough r ad io  ob jec t s  t o  p r o v i d e  "nearby" r e f e r e n c e  p o i n t s  f o r  n a v i g a t i n g  
in t e rp l ane ta ry  spacecraft, as w e l l  as fo r  measurements of earth o r i e n t a t i o n  
w i t h  o n l y  3 h o u r s  of  VLBI data  i n  a s u b s e q u e n t  o p e r a t i o n a l  mode, r e q u i r e s  
approximately 100 sources. Observations whibh meet the above requirements  
have  been carried o u t  be tween August 1971 and Februa ry  1980. I n  a l l ,  117 
e x t r a g a l a c t i c  radio sources  were observed i n  48 sess ions ,  which ranged I n  
l e n g t h  from 2 t o  24 hours.  O f  t h e  2414 i n d i v i d u a l  o b s e r v a t i o n s ,  692 were 
made a t  S band only,  366 a t  X band only, and 1356 were dual-frequency. The 
observat ions included 2399 measurements of delay rate and 2152 of delay. 
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MODEL AND F I T  TO EXPERIMNTAL DATA 

I n  considering the multitude of effects contributing t o  the delay model 
for VLBI,  i t  is h e l p f u l  t o  group them as e i ther  modeled o r  unmodeled 
effects, w i t h  the  models mntaining parameters that m a y  be either adjusted 
o r  f ixed  a t  t h e i r  a p r i o r i  values.  Modeled q u a n t i t i e s  t h a t  were f i x e d  a t  
t h e i r  a p r i o r l  va lues  i n c l u d e  n u t a t i o n  (Wahr series [Kaplan 19811) and t h e  
e f fec ts  of t h e  ionosphere. Effects of ocean load ing  and p l a t e  motion are 
unmodeled. 

There are eight categories of modeled and adjusted parameters: s t a t i o n  
locations,  tropospheric delays, clock o f f se t s  and rates, polar motion and 
UT1, source positions, the precession constant, the gamma factor of general 
re lat iv i ty ,  and a o l i d  earth tides. The s o l u t i o n  provided a c a t a l o g  of 
approximately 100 p o s i t i o n s  of r a d i o  sources  w i t h  d e c l i n a t i o n s  ranging  
between -40° and +TOO ( w i t h  formal e r r o r  estimates of t h e  o rde r  of On.O1). 
A number of d i scont inui t ies  and nonl inear i t ies  i n  the s t a t i o n  clocka were 
detected and modeled i n  many of t h e  sess ions .  T h e r e  were 114 parameters  
d e s c r i b i n g  de lay  due t o  t h e  t roposphere ;  these were cons t r a ined  t o  agree 
w i t h  t h e  Chao monthly mean model (Chao 1974) t o  within 3%. The long spar. of 
data enables u s  t o  solve f o r  the luni-solar precession constant, i n  addi t ion 
t o  UT1 and polar motion a t  49 epochs. 

A ro t a t ion  about  the  polar axis of 2.37 mas/yr I s  included i n  the mode: t o  
correct UT1 for the new I A U  expressions f o r  Greenwich mean sidereal time and 
precession (Kaplan 1981). The BIH Circular D provides a reference point for 
e a r t h  o r i e n t a t i o n :  t h e  va lues  of both components of p o l a r  motion and two 
v a l u e s  of UT1 (one f o r  each i n t e r c o n t i n e n t a l  b a s e l i n e )  are cons t r a ined  on 
December 20-21, 1979, during which period there were two intercont inental  
observ ing  sess ions .  I n  t o t a l ,  t h e  f i t  t o  t h e  1971-1980 data i n c l u d e s  744 
adjusted parameters. 

The observables i n  the f i t  were weighted i n  inverse proportion t o  the  sum 
of squa res  of known random e r r o r  sources ,  p l u s  an  a d d i t i o n a l  n o i s e  term 
which is ad jus t ed  t o  make chi-square per  degree of freedom equal  t o  1 for  
each session. The software used t o  perform parameter estimation is based on 
t h e  squareroot-information-fil ter method (Bierman 1977) implemented f o r  the 
VAX 11/780 computer. so lu t ion  
for  t h e  1971-80 data. RMS res idua ls  f o r  t h e  grand f i t  are 0.5 nsec f o r  
delay and 0.3 psec/sec for delay rate. The resulting geophysical parameters 
are disoussed i n  some d e t a i l  i n  the next section. 

Approximately 8 CPU hours are required for a 
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RESULTS 

Earth Orientation 

The s o l u t i o n  f o r  u n i v e r s a l  time and p o l a r  motion produced t h e  average 
formal  e r r o r  estimates g iven  i n  Table I as f u n c t i o n s  of t h e  date of 
observation. Clearly, the  qua l i ty  of the data improved subs tan t ia l ly  as the 
i n t e r f e r o m e t r i c  system evolved, w i t h  t h e  1980 data e x h i b i t i n g  formal  
uncertaint ies  of 6 t o  20 cm. 

TABLE I 

Earth Orientation Parameter Formal Errors 
i n  F i t  t o  1971-1980 VLBI Data 

Year 

1971-4 

1977 

1978 

1979 

1980 

Polar motion, mas 
X Y 

... a m .  

10 4 

10 3 

6 2 

6 2 

UT1, msec 

2.1 

0.9 

0 -7 

0.5 

0.5 

F i g u r e s  1 and 2 show comparisons of our  x and y p o l a r  motion v a l u e s  f o r  
t h e  l a t t e r  pa r t  of t h e  data (1977-80) w i t h  BIH Circular D. Taking i n t o  
account t he  4 mas error of t h e  BIH data (Dickey 1981), there are no 
outstanding discrepancies w i t h  the possible exception of three points tha t  
d i f f e r  by - 1.5 t o  2 U .  For t h e  UT1 r e s u l t s  s i m i l a r l y  p l o t t e d  i n  F igure  3, 
shor t -per iod  t i d a l  f l u c t u a t i o n s  have been removed from t h e  VLBI  data in 
o r d e r , t o  permit  comparison w i t h  the heavily smoothed BIH values. The sol id  
curve r e p r e s e n t s  l u n a r  laser ranging  (LLR) data as smoothed over  a 15-day 
i n t e r v a l  by Fliegel e t  al. (1981). These data o r i g i n a l l y  c o n s i s t e d  of 
several  hundred points i n  the range of the plot. 
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POLAR MOTION RESULTS FROM 1977-1980 VLBl DATA 
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UT1 RESULTS FROM 1977-1980 VLBI DATA 
(TIDAL TERMS REM0VE.D) 

6 1  I I I 

4 -  0 CALIF - AUSTRALIA 
CALIF - SPAIN 

-6 I I I I .  

Figure  3 

UT1 R e s u l t s  from ‘1977-1980 V L B I  Data. Short-per iod t i d a l  terms have 
been removed t o  permit comparison with BIH values 

Figure 3 shows t h a t  t h e  UT1 values measured by VLBI, LLR and BIH gene ra l ly  
agree w i t h  o n e  a n o t h e r  if t h e  BIH v a l u e s  a re  assigned e r r o r s  of 
approximately 2 msec, and t h e  LLR values e r ro r s  of 1 msec or less. Both the  
VLBI and LLR r e s u l t s  sugges t  t h e  same o s c i l l a t i o n  of - 2 msec ampl i tude  
about  t h e  BIH values. The three p o i n t s  of large d iscrepancy  (- 2 t o  3 0 )  
between VLBI  and LLR i n  February 1977 and February 1980 require f u r t h e r  
investigation. 

The value obtained f o r  the luni-solar precession constant I s  smaller than 
t h e  1976 IAU va lue  by 3.7~0.9 mas/yr. T h i s  d i screpancy  may i n d i c a t e  t h e  
need f o r  a revis ion of either the precession constant or  of the  long-period 
(18.6-year) term i n  t h e  nutation series. Such an inference is supported by 
o a l c u l a t i o n s  i n  which  t h e  f i t  was repeated w i t h  a modified n u t a t i o n  
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oons tan t ,  and t h e  p recess ion  cons t an t  was so lved  for. The RMS de lay  
residual  for the  1971-80 VLBI data reaches a minimum when the  amplitude of 
t h e  18.6 yea r  term i n  t h e  Wahr n u t a t i o n  series is  inc reased  by - 7 mas ( t o  
9f210 i n  obliquity),  a t  which point the  precession aonstant equals the 1976 
IAU value within its error estimate. 

Date 

1971-78 

197 1-80 

Baselines and Ear th  Tides  

California t o  

Spain Australia 

8 390 429.66d.16 m 

8 390 429.84&.05 m 

10 588 965.85d.26 m 

10 588 966.321p.11 m 

On t h e  premise t h a t  ou r  data, e s p e c i a l l y  t h e  1971-1977 port ion,  lack 
q u a l i t y  s u f f i c i e n t  t o  detect p l a t e  motion, eaoh s t a t i o n  was i n i t i a l l y  
assumed t o  have a s i n g l e  l o c a t i o n  f o r  t h e  e n t i r e  span of data. Table I1 
shows the lengths of the two intercont inental  baselines obtained from such 
fits i n  1978- and a t  present. Comparison of baseline l eng ths  in t h i s  table 
is complioated by t h e  s u b s t a n t i a l l y  d i f f e r e n t  modeling used i n  t h e  two 
c a l c u l a t i o n s  (e.g., t h e  1978 f i t  d i d  no t  u se  t h e  Wahr n u t a t i o n  series). In 
s p i t e  of the lack of separation of the effects of improved data qual i ty  and 
improved modeling, Tab le  I1 shows t h e  q u a l i t a t i v e  enhanoement I n  system 
performance over  t h e  past decade. The deorease  by n e a r l y  a factor of 3 I n  
t h e  fo rma l  b a s e l i n e  errors between 1978 and t h e  most r e o e n t  s o l u t i o n  
s u g g e s t s  t h a t  f u t u r e  improved exper iments  w i l l  permit detect ion of plate 
motion within the next few years. 

TABLE I1 

Baseline Length Results from VLBI Data 

J I 1 I 
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A useful  test of in te rna l  consistency is t o  divide the data i n t o  parts and 
t o  d e t e r m i n e  i f  f i t s  t o  t h e  parts lead t o  c o n s i s t e n t  v a l u e s  f o r  
theore t ica l ly  constant parameters. To test baseline repeatability, t h e  span 
of data was d i v i d e d  i n t o  two p o r t i o n s  con ta in ing  n e a r l y  equa l  numbers of 
observa t ions :  1971-78 (average epoch 1978.2) and 1979-80 (average epoch 
1979.9). A l l  of the data were again simultaneously f i t  but the Spanish and 
Australian 64-m antennas were each allowed t o  have d i f f e ren t  locat ions i n  
t h e  two spans  of data. A s  shown i n  Table 111, t h e  r e s u l t i n g  b a s e l i n e  
lengths f o r  the two parts are i n  good agreement. 

Average 
date 

TABLE 111 

California  t o  

Spain Australia 

P- 

Baseline Consistenay Test Results 

8 390 429.78d.09 m 

8 390 429.85d.05 m 

10 588 966.36d.11 m 

10 588 966.27d.11 m 

1978.2 

1979.9 

D i f  ferenoe 7 d O  om - 9 d 5  cm 

The Spanish b a s e l i n e  e r r o r s  i n  Table  I11 a g a i n  show t h e  improvement o f  
data q u a l i t y  w i t h  time. It is of i n t e r e s t  t o  n o t e  t h a t ,  even though our 
r e s u l t s  are consistent w i t h  no motion, the differences f o r  both the Spanish 
and Australian baselines i n  Table I11 are more consistent wi th  the motion 
inferred from paleomagnetic data (Minster and Jordan 1978, Morabito e t  al. 
1960). For a 107-par  span, Morabito's applioation o f  Minster and Jordan's 
model i n d i o a t e s  ohanges of  +4 and -6 om r e s p e o t i v e l y  for  t h e  Spanish and 
Aus t ra l ian  baselines. 

Assuming t h a t  t h e  v e r t i o a l  and h o r i z o n t a l  Love numbers and t h e  s o l i d -  
ear th- t ide-phase lag  va lues  are i d e n t i o a l  a t  a l l  s t a t i o n s  we o b t a i n  
0.6&0.03, 0.063to.017, and -1.7~1.6 degrees respectively. These agree well 
w i t h  t h e  commonly accepted va lues  of 0.603-0.61 1, 0.0832-0.0842, and 0 
degrees (Wahr 1977, Lambeok 1980). 



The radio i n t e r f e r o m e t r i c  system under development a t  JPL dur ing  $he past 
decade  h a s  improved c o n t i n u a l l y  i n  q u a l i t y .  By 1980 it had r e a c h e d  t h e  
po in t  where e a r t h  orientation parameters cou ld  be d e t e r m i n e d  w i t h  formal 
u n c e r t a i n t i e s  of 6 t o  20 cm, and source pos i t i ons  wi th  formal u n c e r t a i n t i e s  
o f  t h e  o r d e r  of  Ow.O1.  F o r m a l  u n c e r t a i n t i e s  o f  5 t o  1 0  cm i n  
i n t e r c o n t i n e n t a l  base l ine  lengths  promise d e t e c t i o n  of plate-tectonic motion 
i n  the near  future .  

The p r e s e n t  set of r e s u l t s  r e p r e s e n t s  v e r y  n e a r l y  ou r  f i n a l  f i t  t o  t h e  
1971-80 data. Minor changes i n  t h e  model, such as improved ephemerides and 
earth t ide  models, as well as adopt ion of the 52000 system, w i l l  psobably 
not have s i g n i f i c a n t  repercussions.  
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Abstract 

A s  o f  Apr i l  28, 1982, a 22 month h i s t o r y  of UT1 and P o l a r  Motion (UTPM) 
measurements has  been obtained by the TEMPO program a t  JPL. TEMPO is now able 
t o  provide UTPM estimates w i t h i n  a month of data a c q u i s i t i o n ,  w i t h  earth 
or ien ta t ion  r e s u l t s  through April 8, 1982 released t o  the  BIH. I n  t h i s  paper, 
t h e  data r e d u c t i o n  procedure is descr ibed  t o g e t h e r  w i t h  t h e  v a r i o u s  
astronomical and geophysical models employed. The operational behavior of the 
TEMPO system is d i scussed  i n c l u d i n g  a n  a n a l y s i s  of t h e  system s u c c e s s  ra te  
(50% so far  i n  1982) and t h e  h i s t o r y  of t h e  de lay  r e s i d u a l  scatter. The R M S  
of  t h e  X band de lay  r e s i d u a l s  is 0.44 nanoseconds and there is no evidence 
that the  res idua l  scatter is a function of time or of baseline. TEMPO results 
are consis tent  wi th  other sources and show evidence of UTPM f luc tua t ions  on a 
time scale of a month or  leas. 

I. Introduction 

The T i m e  and E a r t h  Motion P r e c i s i o n  Observa t ions  (TEMPO) program g o a l s  
i nc lude  r a p i d  d e t e r m i n a t i o n s  of t h e  UTPM t o  suppor t  spacecraft navigation. 
TEMPO observations are also capable of providing information of i n t e r e s t  t o  
the  world-wide s c i e n t i f i c  community. I n  order for the program t o  be a useful 
UTPM service, i t  must be able t o  consistently provide UTPM estimates within a t  
most one month of data aaquis i t ion wi th  decimeter or better precision To 
suppor t  spacecraft naviga t ion ,  r e s u l t s  w i l l  be needed w i t h i n  three days or 
less of the observations. TEMPO is now producing UTPM results within 4 weeks 
of the observations. This paper assesses the  consistency and r e l i a b i l i t y  of 
t h e  TEMPO observa t ions .  A companion paper C51 w i l l  c o n c e n t r a t e  on t h e  
r e l i a b i l i t y  of t h e  TEMPO UTPM estimates. These estimates w i l l  be  b r i e f l y  
discussed a t  the end of this paper. 

UTPM estimates are produced by least  s q u a r e s  f i ts  t o  t h e  i n t e r f e r o m e t r i c  
delay and delay rate observables, which are themselves the  results of f r inge  
fits using t h e  cor re la tor  output. Section I1 is a brief descr ipt ion of TEMH) 
o p e r a t i o n a l  procedures ,  ear th  o r i e n t a t i o n  models, and data r e d u c t i o n  
algorithms. Section I11 describes the success rate of the TENW observations, 
t h e  f a i l u r e  modes, and s t a t i s t i c s  on  t h e  s u c c e s s  of t h e  i n d i v i d u a l  s c a n s  
within a pass. Operations during the  first quar te r  of 1982 w i l l  be discussed 
i n  detail. 
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Most of the information content  of the observables  is contained i n  t he  delay 
o b s e r v a t i o n s ,  b u t  t he  d e l a y  r a t e  data i s  s e n s i t i v e  t o  t h e  UT0 and t h e  
t roposphere model. Sec t ion  I V  p re sen t s  a statisical  a n a l y s i s  of the X band 
delay r e s i d u a l s ,  although similar conclusions could have been drawn about t h e  
X band delay rate residuals .  The behavior of t h e  Root Mean Square (RMS) delay 
r e s i d u a l s  and of the r e s i d u a l  Chi Squares is discussed. Sec t ion  V conta ins  a 
brief d e s c r i p t i o n  of the TEMPO UTPM estimates. Agreement between TEMFO and 
V L B I  e a r t h  o r i e n t a t i o n  r e s u l t s  from the  POLARIS project w i l l  be demonstrated, 
wi th  clear evidence of rap id  UTPM f l u c t u a t i o n s  no t  present  i n  t h e  BIH Ci roular  
D. 

11. A Brief Descr ipt ion of Tempo A c t i v i t i e s  

The TEMPO program monitors s t a t i o n  clock behavior and earth o r i e n t a t i o n  t o  
s u p p o r t  i n t e r p l a n e t a r y  n a v i g a t i o n  by t h e  Deep Space.  Network (DSN). The 
program goals i n c l u d e  weekly decimeter d e t e r m i n a t i o n s  of t h e  e a r t h ' s  
o r ien ta t ion .  TEMPO data are co l l ec t ed  using the  64 meter antennas of the DSN 
a t  Goldstone Cal i forn ia ,  near  Madrid Spain, and near  Canberra Australia.  only 
s ing le  b a s e l i n e  V L B I  o b s e r v a t i o n s  are a v a i l a b l e ,  as t h e  wide  s p a t i a l  
separa t ion  between t h e  DSN s t a t i o n s  makes i t  imposs ib l e  t o  do s i m u l t a n e o u s  
three s t a t i o n  o b s e r v a t i o n s .  Each week, single baseline VLBI observing 
s e s s i o n s  (passes) on both  t h e  A u s t r a l i a - C a l i f o r n i a  ( A C )  and  t h e  Spain-  
C a l i f o r n i a  (SC)  b a s e l i n e s  o b s e r v e  e x t r a g a l a c t i c  radio sources using t h e  Jet 
P r o p u l s i o n  L a b o r a t o r y  (JPL) Block  I VLBI  s y s t e m  [4 and 103. The two weekly 
o b s e r v i n g  s e s s i o n s  are g e n e r a l l y  schedu led  w i t h i n  24 h o u r s  of each o the r .  
Since February 1982, each pass lasts about three hours and observes up t o  20 
sources  for 200 seconds each. About 60% of t h e  se s s ion  du ra t ion  is devoted t o  
a n t e n n a  slew time. Each s o u r c e  i s  obse rved  a t  both S and X band (2.285 and 
8.420 GHz, respec t ive ly) ,  w i t h  three 250 KHz bandwidth channels i n  each band. 
Only one  channe l  is recorded a t  a time, w i t h  a l l  s i x  c h a n n e l s  sampled  i n  
sequence  o v e r  a three second cyc le .  During each c y c l e ,  t h e  S band c h a n n e l s  
are observed for  0.2 seconds each, each X band channel for  0.8 seconds. 

The data recorded a t  each s t a t i o n  are s e n t  v i a  sa te l l i te  t o  JPL, where they 
are correlated and f r i n g e  f i t t e d .  Delay o b s e r v a b l e s  are c o n s t r u c t e d  by 
bandwidth syn thes i s  w i t h  a spanned bandwidth of 40 MHz i n  each band [8 and 91. 
The de lay  r a t e  o b s e r v a b l e  i s  t h e  f r i n g e  f r equency  measured i n  a s i n g l e  
channel.  ' Both t y p e s  of o b s e r v a b l e s  are c o n s t r u c t e d  a t  both S and X band. 
S o l u t i o n s  u s i n g  d e l a y  and d e l a y  r a t e  data a re  o b t a i n e d  w i t h  t h e  program 
MASTERFIT, w r i t t e n  by J. L. Fanselow and h i s  col leagues a t  JPL. The data from 
each  p a s s  is used  i n  a s e p a r a t e  and independen t  s o l u t i o n ,  w i t h  no gobal 
parameters and t h u s  no coupling between the  passes. 

Due t o  the l i m i t e d  number of observat ions.  per pass, the s o l v e  for parameters 
are res t r ic ted t o  two earth o r i e n t a t i o n  parameters, a s i n g l e  t r o p o s p h e r e  
zen i th  delay a t  each s t a t i o n ,  and a first degree polynomial clock model. The 
d e l a y  and de lay  r a t e  clock models are uncoupled i n  a n  a t tempt  t o  absorb t h e  
effects of unca l ibra ted  ins t rumenta l  delay changes. A p r i o r i  knowledge of the 
b a s e l i n e  v e c t o r ,  s o u r c e  p o s i t i o n s ,  and t h e  precession cons tan t  are obtained 
from s o l u t i o n s  us ing  near ly  10 years of independent DSN V L B I  observa t ions  161. 
The new (Wahr) I A U  nu ta t ion  model is used i n  both the reference  frame and t h e  
TEMPO so lu t ions ,  which are t i e d  t o  the FK4 and a 1950.0 r e fe rence  epoch. The 
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a p r i o r i  UTPM estimate is t h e  B I H  C i r c u l a r  D Polar Motion and UT1' p l u s  t h e  
Yoder and Williams model of t h e  z o n a l  t i d e  e f fec t  on t h e  U T 1  [a l l .  The 
re ference  frame is t i e d  t o  the  BIH on December 20, 1979. 

A p r i o r i  t ropospheric  and ionospheric effects are estimated us ing  tables of 
a v e r a g e  z e n i t h  d e l a y s  which are mapped t o  t h e  s o u r c e  e l e v a t i o n  angle .  The 
troposphere tables are monthly mean wet and dry zen i th  delays a t  each s t a t i o n ,  
and the  ionosphere model uses  a single table of mean zen i th  delay versus  time 
of day. The i o n o s p h e r e  d e l a y  is i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  f r e q u e n c y  
squa red  and t h u s  S band o b s e r v a t i o n s  are  13 times more s e n s i t i v e  t~ t h e  
ionosphere than correspondling X band observations. 

I f  p o s s i b l e ,  a l i n e a r  c o m b i n a t i o n  o f  S and X band o b s e r v a b l e s  (called SX 
o b s e r v a b l e s )  i s  formed i n  a n  attempt t o  remove t h e  effects  of i o n o s p h e r i c  
d i s p e r s i o n  on t h e  da ta .  SX d a t a  requires successful scans a t  both S and X 
band, and thus there i s  generally more X band than  SX data available. S i n c e  
the SX ionospheric  co r rec t ion  does not  seem t o  s i g n i f i c a n t l y  reduce the RMS 
residuals,  t h e  r e s u l t s  p r e s e n t e d  i n  t h i s  paper are d e r i v e d  f rom s o l u t i o n s  
using X band data only. 

111. Observing Session Statist ias 

Statist ics on system performance were collected and examined for the first 
quarter of 1982 as an a i d  t o  understanding cu r ren t  system performance. TEMFO 
has become more reliable w i t h  increas ing  experience w i t h  t he  JPL VLBI system, 
but Improvements In  VLBI operations are still desirable.  

I n  the period from January 1, 1982, t o  A p r i l  9, 1982, there were 31 possible 
TEMPO observing s e s s i o n s  (two regular ones per week p lus  the Australia-Spain 
(AS) pass o n  J a n u a r y  3). O f  these s e s s i o n s  30 were s c h e d u l e d  by t h e  DSN. 
F i g u r e  1 shows t h e  d i s p o s i t i o n  of these a t  subsequen t  stages in t h e  
proaessing. I n  a l l ,  t h i r t e e n  passes d id  not  provide usable  data, the  r e s u l t s  
from t h i r t e e n  passes were s e n t  t o  the  BIH, the results from two sessions are 
s t i l l  b e i n g  processed, and two s e s s i o n s  had S band r e s u l t s  o n l y ,  which have  
n o t  been released yet.  The s u c c e s s  r a t e  for  t h i s  pe r iod ,  i g n o r i n g  t h e  data 
s t i l l  b e i n g  processed or  n o t  y e t  released, is t h u s  e x a c t l y  50% w i t h  t h e  
p o s s i b i l i t y  of r i s i n g  t o  57% a f t e r  t h e  r e m a i n i n g  passes are released. In 
genera l  most passes have more usable  S band data than X band. 

The major cause of failure i n  early 1982 (7 passes) was weak o r  norr-existent 
fringes, whiah i n d i c a t e s  low Signal  t o  Noise Ratios (SNRs). This problem also 
caused the  degradat ion of seve ra l  sucoessful  observing sess ions ,  through loss 
of o b s e r v a t i o n s  d u r i n g  a pass. Four passes were c a n c e l e d  af ter  b e i n g  
scheduled, and two passes had fewer than 6 good delay observat ions,  which was 
judged t o  be t h e  m i n i m u m  number acceptable. 

Some of the weak f r i n g e s  seem t o  be caused by correlator problems, and there 
are some passes t h a t  m a y  be recovered by recorrelation Other causes  for weak 
f r i n g e s  might be low source strengths, improper equipment  s e t t i n g s ,  data 
t ransmission problems and antenna poin t ing  errors. The antenna beamwidth is 
smaller a t  X band, and so t h e  h igher  s u c c e s s  ra te  a t  S band would s u g g e s t  
a n t e n n a  p o i n t i n g ,  problems. O c c a s i o n a l l y ,  h i g h  SNRs on o n l y  one  or two 

a3 



FR INGE 
F I ? X D  

20- I I 1  1 I I I I I I 1 1  I I I I l l '  

p. 0 18- 

c3 SPAIN - AUSTRALIA- e 0 z 16- 
0 v) CALIFORNIA - SPAIN- 

o 1 4 -  
z 
Y wi 0 0  
m 0 Om 0 - 
0 10- 
>- -0 0 

n 

o 6 - 0  0 0  00 O O 00 

CALIFORNIA - AUSTRALIA-0 - 
0 0: - - 

z 0 0  - 
0 0  - 

0 12- 0 
- 

00 0 0 
0 

0 

2 8 -  0 0  0 @ O  - 

z 0 8  00 m -O 0 
4 4 -  

0 0  
0 0  

0 Y- - 
- 

2 

2 -  - 

SENTTO BACK LOG LEA ST 
SQUARES B IH AND S-BAND 
FIT ONLY 

Figure 1 .  
Session Sta tus  as o f  A p r i l  28, 1982 

January 1 - Apri l  8,  1982 TEMPO Observing 

Figure 2 .  
TEMPO Observing Session 

Number o f  Delay Observables i n  Each 

84 



channels i n  a band suggests equipment s e tup  or data t ransmiss ion  probl.ems. 

Spme of t h e  low SNRs may be t h e  r e s u l t  of o b s e r v i n g  o v e r l y  weak sources .  
The sources  observed are supposed t o  have a minimum S band f l u x  of 0.5 Janskys 
i n  a JPL s o u r c e  s t r e n g t h  s u r v e y  [ T I ,  b u t  t h e  poor  knowledge of r a d i o  f l u x  
s t r e n g t h s  make t h i s  impopsible t o  guarantee. Many sources  have no accurate 
f l u x  measurements a t  the  desired frequencies  a t  al l ,  others have only t o t a l  
f l u x  measurements ,  and there are no data on t e m p o r a l  v a r i a t i o n s  i n  f l u x  
s t r e n g t h  for most sou rces .  Total  s o u r c e  f l u x  can  va ry  by 50% or  more over II 
few months,  a l t h o u g h  most sources are more stable [l]. VLBI SNR depends 021 
the correlated f l u x  strength, which is a func t ion  of the  t o t a l  f lux ,  angular, 
size, shape ,  and t h e  o r i e n t a t i o n  of t h e  source .  For an a r b i t r a r i l y  shaped  
source, i t  also depends  on  t h e  baseline used  and t h e  sidereal time of t h e  
o b s e r v a t i o n .  Very l i t t l e  i s  known abou t  changes  I n  t h e  correlated f l u x  
s t r e n g t h  f o r  most s o u r c e s ,  and V L B I  s e r v i c e s  s u c h  as TEMPO, which o b s e r v e  a 
l imi ted  number of sources  a t  f ixed  sidereal times, could be used t o  modto.? 
s o u r c e  v a r i a b i l i t y .  T h i s  i n f o r m a t i o n  would h e l p  i n  t h e  s c h e d u l f n g  of' 
observa t ions  and may be of i n t e r e s t  as t rophysical ly .  

Figure 2 shows the number of delay observables  for every success fu l  TEMP3 
o b s e r v i n g  s e s s i o n .  The i n c r e a s e  i n  t h e  number of good s c a n s  i n  1982 is t h e  
r e s u l t  of t h e  new, 3 hour  (20 s o u r c e )  s c h e d u l e  adopted i n  Februa ry  of t h a t  
year. The SUCC~BS ra t io  has genera l ly  a l s o  improved s ince  that time. Before 
1982 t h e  SC e x p e r i m e n t s  had a c o n s i s t e n t l y  lower th roughpu t  t h a n  t h e  AC 
experiments. After the adopt ion of a new, larger, source catalogue, t h i s  no 
longer seems to be a problem. 

A number of a c t i v i t i e s  are planned o r  underway t o  Improve the TEMPO suocess  
rate. The JPL Block I V L B I  system is cons tan t ly  being monitored for software, 
hardware, and p r o c e d u r a l  errors. A s  t h e  o p e r a t i o n a l  VLBI p e r s o n n e l  become 
more e x p e r i e n c e d ,  and a s  VLBI p rocedures  become more r o u t i n e ,  s y s t e m  
pe r fo rmance  can  be expec ted  t o  improve. C u r r e n t l y ,  hardware t o  a d e q u a t e l y  
monitor the s t a t i o n  conf igura t ion  is being implemented. Weak sources maJi be  
avoided i n  t h e  f u t u r e  by keeping a close watch on observed source s t rengths .  
Possible causes of poin t ing  errors are under inves t iga t ion  by t h e  DSN. I n  the 
fu tu re ,  real time playback, co r re l a t ion ,  and monitoring of s t a t i o n  a c t i v i t i e s  
may be used  t o  e n s u r e  system per formance  a t  c r i t i c a l  times n e a r  p l a n e t a r y  
encounters. 

IV. Data Stat is t ics  

The p o s t f i t  r e s i d u a l  scatter is an important  measure of system performanco. 
The accuracy of the TEMW r e s u l t s  depends upon the  accuracy of  the observa3les 
used  t o  d e r i v e  them. The p o s t f i t  r e s i d u a l  s ca t t e r  is used as a check upcn 
observable r e l i a b i l i t y  and as a guide to  weighting the  data. Problems i n  data 
reduct ion  tend t o  increase  the scatter of the p o s t f i t  r e s idua l s .  

A l l  e r r o r s  are absorbed i n  t h e  a d j u s t m e n t  of parameters t o  some degreo. 
However, some types of error, such as uncorrelated measurement noise ,  do n o t  
m i m i c  t h e  e f fec ts  of s o l v e  f o r  p a r a m e t e r s  and most ly  s e r v e  t o  i n c s a a s e  t t e  
r e s i d u a l  scatter.  Errors  of t h i s  t y p e  can be detected th rough  i n c r e a s e s  %n 
the  p o s t f i t  residual scatter. There are other errors which w i l l  no t  in f luence  
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t h e  r e s i d u a l  behavior ;  b u t  rather t h e  p o s t f i t  parameter va lues .  A good 
example of this would be errors i n  the nu ta t ion  model, which would be almost 
t o t a l l y  abso rbed  by t h e  UTPM p a r a m e t e r s  fo r  o b s e r v i n g  p e r i o d s  much s h o r t e r  
t h a n  a day. Such s y s t e m a t i c  errors can  o n l y  be detected by compar i son  w i t h  
o t h e r ,  i n d e p e n d e n t ,  m e a s u r e m e n t s  of t h e  same p a r a m e t e r s .  S u c h  a n  
intercomparison is t he  sub jec t  of Sec t ion  V.. 

The X band data from each observing se s s ion  were used i n  a separate s o l u t i o n  
for  t h e  b a s e l i n e  UT0 and V a r i a t i o n  of L a t i t u d e ,  a t r o p o s p h e r e  z e n i t h  d e l a y  
va lue  for each s t a t i o n ,  and a l i n e a r  c lock model. Each observable is weighted 
by t h e  formal error  from t h e  f r i n g e  f i t t i n g ,  p l u s  a n  estimate of t h e  
troposphere and ionosphere propagation errors. This does not  account for all 
t h e  known and s u s p e c t e d  s o u r c e s  of error, no r  is it  large enough t o  e x p l a i n  
t h e  total  r e s i d u a l  scatter. The major add i t iona l  error sources are thought t o  
be s o u r c e  p o s i t i o n s ,  b a s e l i n e  v e c t o r s ,  and errors i n  t h e  media p r o p a g a t i o n  
delay models. To account for these additional error sources, the f o r m a l  error 
estimates from t h e  fringe f i t s  and t h e  media error estimates are  root  sum 
s q u a r e d  w i t h  a c o n s t a n t  % d d I t i v e  noise" v a l u e  chosen t o  make t h e  t o t a l  Ch i  
Square for a l l  the  TEMPO data equal t o  the total number of degrees of f'reedom. 

F i g u r e  3 shows t h e  R M S  d e l a y  r e s i d u a l s  for each TEMPO pass. S i n c e  t h e  
number of parameters I n  each solution (7) is close to  t h e  total number of data 
po in t s  used i n  the  s o l u t i o n  (10 t o  40 when the delay rates are included - see 
Figure  21, a better desc r ip t ion  of the residual behavior can be obtained from 
t h e  Chi Square divided by the number of degrees of freedom for each so lu t ion ,  
which is p r e s e n t e d  i n  F i g u r e  4. The scat ter  of t h e  p o s t f i t  X band d e l a y  
r e s i d u a l s  seems t o  be t i m e  and b a s e l i n e  I n v a r i a n t .  The S band r e s i d u a l  
scat ter ,  however,  I n c r e a s e s  from 1980 t o  1982,  which may be re la ted t o  
ionospheric  model errors or t o  changes i n  t h e  solar a c t i v i t y  w i t h  time. 

Total RMS X and SX residual from TEMPO s o l u t i o n s  are genera l ly  on the order 
of 0.4 t o  0.5 nanoseconds, depending on the p a r t i c u l a r  nature of the so lu t ion ,  
w h i l e  R M S  S band r e s i d u a l s  are on t h e  order  of 3.0 nanoseconds.  I n  g e n e r a l ,  
s o l u t i o n s  us ing  SX data have s l i g h t l y  larger RMS r e s i d u a l s  than corresponding 
X band solut ions.  The cause and s ign i f i cance  of this are under invest igat ion.  
It is poss ib l e  that  the d i f f e rence  between the S and X band data is dominated 
by u n c a l i b r a t e d  changes  i n  t h e  i n s t r u m e n t a l  d e l a y  and by t h e  measurement  
error. A compar i son  of S, X, and SX s o l u t i o n s  is i n  progress, and t h e  
s ign i f i cance  of any changes i n  t h e  residual scatter and d i f f e rences  between 
t h e  p o s t f i t  parameter values  is being assessed. 

There is no evidence, i n  Figures  3 and 4 or elsewhere, t h a t  scatter of the X 
band de lay  r e s i d u a l s  i s  a f u n c t i o n  of time or of b a s e l i n e .  Thus, t h e  
s y s t e m a t i c  error  s o u r c e s  t h a t  c o n t r i b u t e  t o  t h e  r e s i d u a l  sca t te r  are a l s o  
probably time invariant .  Accordingly, constant  a d d i t i v e  noise  estimates were 
used  f o r  each data t y p e  ( d e l a y  and de lay  rate). R e s u l t s  d i c u s s e d  i n  t h i s  
paper  are d e r i v e d  from a s o l u t i o n  weighted i n  t h i s  manner. The r e s u l t i t r g  
d e l a y  and d e l a y  ra te  r e s i d u a l s  have  a t o t a l  R M S  of 0.44 nanoseconds and 0.16 
picoseconds/second, respect ively.  The average error estmate used i n  weighting 
t h e  data was 0.64 nanoseconds for the delay data and 0.18 picoseconds/second 
f o r  t h e  d e l a y  ra te  data. The a d d i t i v e . n o i s e  c o n t r i b u t i o n  t o  t h e  estimated 
t o t a l  v a r i a n c e  is abou t  one f o u r t h  t h a t  of t h e  formal error and media 
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contribution for  the delay observables, although it dominates the delay rate 
e r ro r  estimate. This ind ica tes  that any unmodeled error sources do not effect 
the delay residual  scatter much, and that the TEMPO delay data may be close t o  
the  theoretical accuracy l i m i t  using the  current 'observable models. In  the 
f u t u r e ,  equipment de lay  c a l i b r a t i o n s  and improved media c o r r e c t i o n s  u s i n g  
water vapor radiometers may make it possible t o  reduce the  TEMPO observable 
error s igni f icant ly .  

V, TEMPO UTPM Estimates 

As a cons i s t ency  check, TEMPO d u a l  b a s e l i n e  s o l u t i o n s  were eompared w i t h  
POLARIS VLBI  r e s u l t s ,  provided by Doug Robertson of t h e  Nat iona l  Geodetic 
Survey 131. The r e s u l t i n g  a d j u s t s  t o  t h e  B I H  C i r c u l a r  D f o r  UT1* and Y Pole 
are shown i n  Figures 5 and 6, after removing an estimate of the bias  between 
t h e  TEMPO and POLARIS r e s u l t s .  There is gene ra l  agreement between t h e  
avai lable  TEMFO and POLARIS data. 

The observed ad jus ts  t o  the  BIH are low pass f i l t e r  residuals, and are thus 
a h i g h  pass f i l t e r i n g  of t h e  raw BIH data. Any low pass f i l t e r  w i l l  smooth 
over  sudden changes i n  t h e  UTPM and t h e  f i l t e r  r e s i d u a l s  w i l l  respond over  
times of t h e  order  of t h e  i n v e r s e  of t h e  f i l t e r  c u t o f f  frequency. Any lag 
between the true UTPM and the  f i l ter  output w i l l  also corrupt t h e  residuals. 
A f u l l  discussion of these effects is beyond the scope of t h i s  paper and w i l l  
be included i n  a fu ture  paper 151. 

The UT1* is smoothed wi th  a low pass f i l t e r  that at tenuates  waves w i t h  periods 
much shorter than 25 days and the X and Y Pole are smoothed w i t h  a f i l t e r  that  
cu t s  off a t  about 90 days [2]. Note i n  Figure 5, t he  sudden posi t ive change 
i n  t h e  U T l *  a d j u s t s  between 1980.7 and 1980.9 and t h e  nega t ive  s p i k e  nea r  
1981.45 shown by both T E M P O  and POLARIS. These changes take atout  0.1 t o  0.2 
years, and might be caused by lags i n  t h e  B I H  C i r c u l a r  D UT1 , systematic 
errors, or real earth ro t a t ion  changes smeared out by t h e  smoothing. As would 
be expected from the stronger smoothing used on the  polar motion, the Y Pole 
ad jus ts  do not show such r ap id  changes, but there is good evidence for a s t ep  
between 1980.7 and 1980.9. This is probably. t h e  r e s u l t  of a 10 day lag in %he 
BIH Circular  D Y Pole estimates. 

These data sugges t  t h a t  there are s i g n i f i c a n t  changes i n  t h e  earth 
or ien ta t ion  a t  the 30 om leve l  over time scales on the order of weeks or less 
t h a t  are n o t  p re sen t  i n  t h e  B I H  C i r c u l a r  D. VLBI, which p rov ides  deoimeter  
accuracy w i t h  a f e w  hours  of observ ing  time, is  i d e a l l y  s u i t e d  t o  d e t e c t i n g  
these changes. 
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PRBLIHI IUY MALYSIS OF SHAICOHAI-BFFBLSBHU VLBI B X P B R I m  

Sta t ion  Mameter Hount Syaton noise 
(la) tomperature (K) 

Shanghai 6 Bqua t o ri a1 90 
Bffelsberg 100 u/= 70 

T.8.W.n and Z.H.Qian 
Shanghai Obaervatory, Academia Sinica 

Sens i t i v i ty  
(K/Jg ) 

1.42 
0.0055 

Do Oraham 

Max-Planck-Institut fiir Radioastronomie 

ABSTRACT 

The first VLBI experiment between Shanghai and Eifeleberg wae carried 
out  a t  1430 HHs and lasted 54 hours i n  lovember 1981. The Hark I1 
recording 87stea and hydrogen masers were used a t  both s ta t ione.  Fourteen 
extregalaot lo  radio source8 covering a wide range of deolination were 
observed in order t o  t r y  t o  determine the  Shanghal-Effelsberg baeeline 
vector. The preliminary analyeia ahoued that the  basel ine veator UBI 
estimated t o  a formal precis ion of 2-3 meters and the positions of 
eouroes 1739+52 and 1928+73 vere eatimeted t o  0:054:08 f o r  each 
O O O r d i B 8 t 0 ,  wlth the e f f eo t s  of Ionosphere being not removed. 

1. Introduotion 

Zffelaborg i n  Horember 1981. A seleot ion of source6 was made for both 
geodetic and astronomlcal purporea, but  in t h l e  paper only geodetic 
results are given. The astronomical results w i l l  be,publiahed elaewhere. 

T h i s  papor deroribea the first VLBI experiment between Shanghai and 

2. Briof descr ipt ion of the YLBI system 

system and hydrogen masers a t  both s ta t ions .  The telescopes involved 
were the  6=m teloroope of Shanghai Observatory i n  Shanghai, China, and 
the 100-m teleeoope of the  Max-Planok-In8titut far Radioastronomie ( I P I )  
a t  Bffelsberg, near Bonn, West Oermany. The parameters of the telescopes 
are shown i n  Table 1. 

The ObSOrV8tlOn8 were made a t  1450 WHE.  We used Hark I1 reoording 

3 . Obsemations 

operation of the VLBI system, test observations were made bofore the 
main obeemt lona .  The t es t  measurements on BL Laa and 3C454.3 showed 
that, booawe of the low residual fringe rate of aome 10 m a ,  the  a 

The observatloas consirted of two stages. In order t o  oheok t h e  
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p r i o r i  posi t ion of the Shalyhai tolemope had been e8tir~ated to a 
preolsion of soveral tens of meters. The measured clock o f f s e t  of a few 
mloroseconds showed t h a t  both 8WtIon olooks were very olose t o  IJTC, 
The spectrum of the fringe rate res idua ls  of 3C454.3 is shown i n  Hgure 
1. After the test, improvements were made t o  the Shanghai tolesoope, 
yielding the  noise temper8ture given In Table 1. Tho limiting s e n s i t i v i t y  
of the interforonetor  was then about 0.2 Jy f o r  10 minutes inte8ration. 

BHMOHAI--EFF~SBERO 

FIRST VLBI DICPBCTIOI 

12 IOV-ER 1981 UT 13:00-15:00 

3c454.3 p -.00056 ................................. 

................................. 
RESIDUATi FRIrJOE RATE SPBCIRUM (Hs 1 

Fl(lure 1. A residual fringe rate speatrum of 3C454.13 On Iovember 12, 

The main observations were performed from UT 16:OO 27th t o  23800 
29th in lfoveaber and 14 rad io  8ources were observed. The 8ouroes and the 
BOtBSWOd oorrelated f l u x  densi ty  and v i s i b i l i t y  are shown In Table 2, 

4. Data reduotion 
We used the VIlB lrhrk If prooeasor and CDC Cyber-172 oomputer of IPI  

f o r  or068 oorrelat ion end fur ther  analysis.  The analysis was oonduotod 
In February 1982, In the  oaloulatlon of delays and fringe rates, a 
ooherent in tegra t ion  time in the range of '300--600 seconds was w o d  fer 
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all 8ouroos. Tho two aouroas 0016+75 and 3C120 had poor sIgnrl-to=aoira 
ratio mb woro thoroforo rrolodod from tho f u r t h e r  analysis .  A t o t a l  or 
TOO Observablob, inoludin& dolays and -18qIJO ret08 from 12 8OUroeb uere 
usod r iwr l t aaeowly  t o  fit tho  Sh8nghai-Bffolsberg base l ine  VOotOr. 
Beonure tho per i t ion8  of the souroes 1739+52 end 1928+73 are not known 
so ~011, tho7 uore re@rded as f r eo  pr r ruotors  and rolrod together  with 
tho oompononts of tho besoline.  The posi t lone of ten other  souroe8 were 
fixod in tho  f i t t i-  of the baseline.  The pos i t ions  markod with an 
a 8 t o r i t ~ k  i n  Tablo 2 am from the  HERIT program. Theee positlone have been 
rodtaced t o  1950.0 using the new IAU(1976) precession oonetanta. The other 
8ource ooordinatoe mod are not  a homogeneous set. To i nves t iga t e  the  
Offeot of this on tho  base l ine  ooordinatoe, fits were t r ied using the  
poaitians of all non-MERIT sourcon a8 free parameter& Tho net affeot on 
the baseline solotlon was not significant, 

The program for parmeter solation includoe oorrectlons f o r  the 
Offeot8 of earth tides, retarded basel ine,  and a n t e m  ax18 of f se t .  The 
e l e c t r i o a l  paths a t  s m i t h  are regrrrded 88 unknowns t o  be 8olved. 

Tablo 2. Tho observed radio 8ouroes 

souroe 

t 
001 6+73 
0300+47 

3C84 
3C119 
3C120 
DA193 

0742+10 
0059+47 
' 3C273 

t 

It 

3m45 
1739+52 
1928+73 
' BL Lac 
9c454 . 3 

R.A. 
( 1 950 . 0 

h m  00 16 54.200 
03 00 10.0879 

03 16 29.5449 
04 29 07.88 

04 30 31,5843 
OS 52 01,3731 
07 42 40,467 
08 59 39.98 
12 26 13,2460 
16 41 17,6401 

17 39 29.02 
19 28 490333 
22 00 39.368 
22 51 29.5333 

D e a l .  
( 1 950.0 

73'1 0 '51.41 
47 04 39.400 
41 19 51.687 
41 32 08.6 

05 14 59.592 
39 48 21,925 
10 18 $2.61 
47 02 56.02 
02 19 43.470 
39 54 10.991 
52 13 10.5 
73 51 44.67 
42 02 00.331 
15 52 54.184 

so 
(JY 1 
0.27 

0.73-1 003 

0.91-2.oa 

1.55 
0.25 

1020-1 032 
1 .go 

0.93-1.12 

2 043 
0.83-1 042 

0.57 
0.20-1 .6C 

2.17 

2.17 

Note: B t  -- Total f l u x  dens i ty  
SO -- Corrolatod f l u x  densi ty  

+ -- Excluded from basol ine determination 
V -- V i 8 i b i l l t J r  

-0 M E R I T  rouroea (4)  

+ 0.444.62 ( 1 )  

0.05-O. 10 

0.18 

0.06 
0.846.92 

0.59 
0 . 4 4 4 5 3  

0.05 

o.ii-o.ia 
0.78 

0.05-0.45 
0.51 
0.22 
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Unfortunately, as information on the ionosphere near both telescopes 
were not avai lable ,  the ca l ib ra t ion  of ionoaphere, which i s  of great 
importance pa r t iou la r lp  a t  longer wavelength, has been impossible. The’ 
values of polar  motion and UT1-UTC d u r i n g  the  experiment were taken from 
the BIH Circular D. 

Shanghai Obremtory ,  oauaed by m a e r  unlock f o r  a,few minutes. And 
therefore,  15.21 microseconds were aaed t o  aompenrrate t h e  jump i n  f i t t i ng  
the  baseline. 

In o u r  ana lp r i r ,  the oenter of mas of the earth waa ohosen 88 the  
or ig in  of the I n e r t i a l  aoordinate system. 

In addl t ian  there waa a olook jump a t  UT 1O: lO 29th i n  Movember a t  

shanghai 

X -2847 688.04 2.28r;m 
P -4659 077.07 2 3.16 m 
Z 3283 999.01 2 2.75 m 
R 6372 474.48 2 3.06 m 
p’ Sl?020 267 83 2 0:081 

L -121!429 424 77 2 0: lOl  

5. Results 

ore l i s t e d  below. The standard e r ror8  of delays and f r inge  rates 8re 
41.6 n8 and 4.6 mH&, reepeotivelp. 

The results of baseline,  positionsof aouroes, and other  EOlUfiOn8 

E f f  elsberg 

4033 940.00 rn 
- 486 994.00 m 

4900 430.00 m 
6365 850.24 m 
50!135 911 08 

-6f883 671 97 

Table 3. The parameters of the baseline 

Length 
Pole oomponent 
Equatorial oomponent 
Hour angle 

Deolination 

X-component 
Y-component 
Z-oomponeat 

B = 8208 690.92 f 2.44 m 

B l  = 1616 430.99 f 2.75 m 
B2 = 8047 966.05 f 2.42 m 
lib - 31t231 793 65 2 0:078 

bb = 11f356 732 63 

Bx = 6881 628.04 f 2.28 m 

By 4172 683.07 3016 
BS p 1616 430.99 k 2.75 m 

Table 4. The geocentrio ooordinates of the  s t a t ion8  

Note: R -- Radiua of the earth 
9’ =- Qeooentrio l a t i t u d e  
L -= Longitude 
The geooentric ooordinates of Bffelsberg wore 
provided by Dr .  J. Campbell. 
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Table 5. The ooordinates of rad io  eouroes 

Cloak o f f s e t  
Differenoe of alook r a t e s  
Dlfferenoe O f  LO frequenoles  

Table 6. The parametars of the olooka 
~ 

-2.250 f 0.017 f i S  

-1.744 2 0.041 pa/s 

-3.341 2 0.710 mHe 

S h w h a i  5.112 0.67 m 

Table 7. The renith e l e o t r i o a l  path longth 

The ros ldua l s  a i  delay8 and iring0 rater am plo t ted  i n  Plyre 2. 
and 3. m e  3. shows that the e f f eo ta  of the ionosphero are quit. 
obviow. Tho a o a t t r r  of tho rosiduala  a t  day time l a  a p p a r e n t l y l a r g o r  
than t h a t  a t  nlaht tfne.  It t 8  also obrioua thaf there is 6 0 ~ 8  
systematlo ohange In the residuals of the fringe rates a t  dam o r  In 
the  evening. 

that syatomatio e r ro r8  due t o  the lnoansl8tono~ of publlahed l 1 8 t a  
of aouroe posl t fons and unornpensated Ionosphere e f f e o t s  lnoreaso 
theso oonslderably. Thus tho b.seline r a y  be oonslderod dotormined 
t o  an aaauraoy of about 20 meters. 

leads t o  typlaal aorreotlem of up t o  0.3 sf0800, and Ohia value is the  
probable e r r o r  on t ho  pos i t ions  of 1928+73 and 1739+52. 

rooelvors  o r  by higher huqueag operation, a8 planned f o r  f u t u r e  
obaerwtlons.  Improvod dolar  meaaurem.nt8 are possible  using wideband 
frequenoy synthesis.  

Formal e r r o r s  are quoted throughout. It is herever vory l i k e l y  

Optlnlsat lan of the pc3eitIons of the non-MERrP 8ouroos In  Table 2 

Ionospherlo effeota  oan be rinlml%od by the use of dual-froquenoy 
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Wo are deeply grateful t o  the a sa i a t an ta  of MPI and Shanghai 

Observatory in the  aoordlnated O b 8 O ~ t l O n 8 .  Wo a l s o  thank R.Mut.1 
( U n l v e r s i t ~  of Iova ) f o r  the loan of FBI amplifier, J. Campbell and 
W. Beyor ( University of Bonn ) f o r  providing ooordinates of Effelsberg, 
prograaaPing aar i s tanoe  and f o r  helpful dlaous8lona on data analfais .  
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Fig. 1. Tho roriduolr of fringe =tea from the beat fit. 
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PRECISION SURVEYING AT THE 1-MM LEVEL U S I N G  
RADIO INTEXFEROMETRY 

Goran Lundqvist  

Onsala  Space Observatory 
Chalmers U n i v e r s i t y  of Technology 

S-439 00 Onsala, Sweden 

ABSTRACT. The 600 meter b a s e l i n e  between t h e  two radio 
astronomy a n t e n n a s  a t  t h e  Onsala Space O b s e r v a t o r y ,  Sweden,  
has been a c c u r a t e l y  determined w i t h  t h e  HARK I11 VLBI System. 
Observa t ions  of e x t r a g a l a c t i c  radio s o u r c e s  a t  X-band (8  GHz) 
have been made a t  two d i f f e r e n t  o c c a s i o n s I  Zme first i n  August 
1980 and t h e  second i n  J a n u a r y  1981. Both  t h e  r e p e a t a b i l i t y  
a n d  t h e  formal a c c u r a c y  a r e  a t  t h e  1-mm l e v e l .  T h i s  paper  
p r e s e n t s  t h e  p l a n n i n g ,  p e r f o r m a n c e  a n d  ' p r o c e s s i n g  of t h e  
exper iments  as well as a c r i t i c a l  a n a l y s i s  of t h e  r e s u l t s .  A 
comparison wi th  c o n v e n t i o n a l  survey  r e s u l t s  is  also made. 

1. INTRODUCTION 

T h i s  paper p r e s e n t s  t h e  de ta i l s  of t h e  shor t  b a s e l i n e  radio i n t e r f e r o m e t r y  
exper iments  between t h e  26.5 m antenna  and t h e  20 m a n t e n n a  a t  t h e  Onsala Space 
Observa tory  i n  Sweden. These are the  first sho.rt b a s e l i n e  e x p e r i m e n t s  u s i n g  
the  wide bandwidth HARh I11 r e c o r d i n g  system. Previous short basel ine experiments 
have used either t h e  kARK I (Rogers e t  al. 1978) or the PARK I1 recordhg systen 
(One e t  al. 1976). 

1. O b s e r v a t i o n s  w i t h  t h e  HARK I11 sys tem,  for  geodesy p u r p o s e s ,  are  made 
s i m u l t a n e o u s l y  at: S- (2.3 GHz) and X-.(8.4 GHz) band i n  order t o  s o l v e  for t h e  
i o n o s p h e r i c  delay.  Normally both of these f r e q u e n c i e s  are r e c e i v e d  by the  same 
antenna  b u t  a t  Onsala  one an tenna  is used for  each frequency. The 3-dimensional 
b a s e l i n e  between t h e  two a n t e n n a s  used needs  t o  be known w i t h  h i g h  a c c u r a c y i f  
t h e  i o n o s p h e r i c  d e l a y  is  t o  be determined and removed from t h e  o b s e r v a t i o n s  
made a t  Onsala  . 

2. The b a s e l i n e  b e t w e e n  t h e  a n t e n n a s  has  been determined by means of a 
c o n v e n t i o n a l  s u r v e y  . in 1973 and a g a i n  i n  1978. We w a n t e d  t o  check  t h a t  t h e  
s u r v e y  and the  i n t e r f e r o m e t r y  exper iments  g i v e  t h e  same r e s u l t .  

3 . ' A  number of i n t e r c o n t i n e n t a l  geodesy VLBI'experiments have been performed 
from 1972 t o  1976 between t h e  Haystack Observa tory ,  USA, and the 25.6 m antenna 
and t h e  20 6 a n t e n n a  a t  Onsala. By the  shor t  b a s e l i n e  exper iments  we wanted to  
'close t h e  t r i a n g l e '  s e p a r a t e l y  a n d  i n d e p e n d e n t l y  of t h e  i n t e r c o n t i n e n t a l  
experiments .  T h i s  g i v e s  u s  a p o s s i b i l i t y  t o  compare formal and a b s o l u t e  errors 
i n  VLBI measurements. 

The s c i e n t i f i c  purpose of the exper iments  was threefold: 

2. EXPERIMENT DESCRIPTION 

A s h o r t  b a s e l i n e  e x p e r h e n t  is easier t o  perform a n d  t o  a n a l y z e  t h a n  a n  
i n t e r c o n t i n e n t a l  VLEI experiment  for s e v e r a l  reasons. One is t h a t  the propagation 
media d e l a y s  a l o n g  t h e  two r a y  pa ths  e s s e n t i a l l y  c a n c e l  and can t he re fo re  b e  
minic ized  as a s o u r c e  of u n c e r t a i n t y .  Another is t h a t  t h e  short baseline delays 
are less s e n s i t i v e  t o  s o u r c e  p o s i t i o n  errors. These p o s i t i o n s  can be furnished 
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w i t h  adequate accuracy by independent measurements. Furthermore, dur ing  these 
experiments we used the same frequency standard for both receiver systems t o  
avoid t h e  s t ab i l i t y  problems encountered w i t h  independent standards. 

The observa t ions ,  each o f  3-min dura t ion ,  were made sequentially of 11 
extragalactic radio sources. A l ist of t h e  sources observed is  found i n  Table 
1. A t o t a l  of 26 observations was made on Aug. 25 1980 and a to t a l  of 136 on 
Jan. 13 1961. 12 frequency channels, each 2 MHz wide, spanning a total bandwidth 
of 250 WKz were recorded from each antenna. The group and the  phase de lays  
through each receiving system were monitored continuously by the standard MARK 
I11 phase calibration system. A cable calibration system t o  monitor the cable 
length variations was connected t o  the 20 m antenna b u t  unfortunately no cable 
calibration system was available for  the 25.6 m antenna. 

3. DATA AWALYSIS 

The raw data, stored on magnetic tapes, were co r re l a t ed  a t  t he  haystack 
Observatory correlator center. A l l  of the data were analyzed u s i n g  t he  kARK 
111 analysis sys t em developed by the east coast VLSI group and i n s t a l l e d  on 
the Onsala HP 1000 computer. Fig. 1 shows t h e  data flow through the KARK 111 
system. A complete description of the systen; is presented by Clark e t  al. (1982). 

Host of t h e  data analysis was carried out u s i n g  the h i g h l y  interactive SOLVE 
program where leas t  squares estimates of a l l  geodet ic  parameters a r e  made. 
Separate solutions were calcula'ted for  group delay and phase delay. both of 
the experiments were also differenced u s i n g  a time window of 20 minutes maximum. 
Figures 2 and 3 are  examples of residual plots from the program SOLVE. 

4, RESULI'S 

a. Easeline h e s u l t s  

I n  Table 2 t h e  resu l t s  from the short baseline experiments a re  summarized 
along wi th  the i r  formal uncertainties. I n  the experiment >60AUC25TS, only a 
few hours  of d a t a  were recorded a s  a test  of .  t h e  equipmnt used. The data turned 
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o u t  t o  be so u s e f u l  t h a t  t h i s  experiment  has a l so  b e e n  c a r e f u l l y  a n a l y z e d .  
>81JAN13TS was a f u l l  24 hour  experiment.  

Table 2. 
B a s e l i n e  R e s u l t s  

Group Delay 360,098 -017 -4510531 ,011 -166.716 0015 601.120 0015 

Differenced  360.091 .001 -451.530 .001 -166.723 0002 601.118 0001 

>8 1 JAN 13TS 
Group de lay  360.090 .004 -451.531 .003 -166.729 ,006 601.11b -003 

Phase Delay 360.095 ..001 -451.531 .001 -166.723 .002 601.120 .001 

D i f f e r e n c e d  360.094 -001 -451.534 -001 -166.729 ,001 601.123 .001 

bo Comparison wi th  Convent ional  Survey 

I n  order td check i f  the l e v e l  of r epea tab i l i t y  i n  t h e  r e s u l t s  above s i g n i f i e s  
the i r  accuracy ,  a c o n v e n t i o n a l  s u r v e y  has  been done between t h e  two a n t e n n a s  
by t h e  N a t i o n a l  Land Survey of Sweden. The s u r v e y  r e s u l t s  t oge the r  w i t h  t h e  
interferometry r e s u l t s  are shown i n  Table 3. The agreement i n  a l l  three dimensions 
are a t  t h e  s e v e r a l  c e n t i m e t e r  l e v e l .  

>8 1 JAN 13TS 
Phase Delay 360,095 .001 -451.531 .001 -166.723 .002 601.120 ,001 

Convent ional  
Survey 360.106 -- -451.487 0- -166.752 0- 601.102 e015 

c. T r i a n g l e  Closure  Test 

Table 4 shows t h e  r e s u l t s  from t h e  i n t e r c o n t i n e n t a l  b a s e l i n e  c l o s u r e  test. 
Data on t h e  b a s e l i n e  from Haystack t o  Cnsala  25.6 m was recorded during several  
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periods between 1972 and 1976. A l l  data have recently been reprocessed through 
the PiARK I11 software by Ryan (1961). The.baseline components from Haystack 
t o  Cnsala 20 ~r, were reported by Herring e t  a l .  (1981) using data taken between 
1976 to  1978, The baseline couiponents between the 20 m antenna and t h e  25.6 
m antenna can be calculated from these neasurements and compared with the short 
baseline results.  hote that both the y- and the z-component of t he  base l ine  
d i f f e r s  by nore than 3 sigma* The length of the'baseline is very well determined 
b u t  orientation information is poor. 

"1972-1978" 360.10 -15 -451.95 -10  -165.66 -34 601.14 e 1 4  

Differences: O o C 1  e15 -0042 -10 1.06 e 3 4  0.02 e14 

5. EhROli ANALYSIS 

Three main sources of error can be identified i n  the resu l t s  from the short 
baseline experiment. Each of them probably a f fec ts  the resu l t  a t  the mm-leveL 

1, Dimensional changes of the antennas due t o  g r a v i t a t i o n a l  loading and 
temperature changes i n  the antenna structure: Unfortunately no information is 
avai lable  about  pa th  l eng th  variations d u e  to  the antennas. 

2, Source positions for the short baseline interferometer: The analysis is 
done using source coordinates  from very lon? baseline observations. These 
positions are  not necessarily the same as  the short baseline posi t ions s ince  
the short baseline interferoKeter is sensit ive t o  the a r c  second s t r u c t u r e ,  
whereas the very  long baseline interferometers a re  sensitive mainly t o  structure 
on the mi l l ia rc  second level. 

3. Changes of the e lec t r ica l  cable length t o  the 25.6 n! antenna: The plot 
of the residual phase delays clearly shows t h a t  a second cable  c a l i b r a t i o n  
system would be very useful a lso f o r  the 25.6 m antenna. ?he changes are mainly 
caused by temperature variations i n  the cables. 

The discrepancy between the conventional survey result and t h e  interferometry 
resul t  has one possible explanation. The antenna construction blueprints have 
been used t o  t ranslate  from the survey reference points t o  the intersection of 
antenna axes which were used as reference points i n  the interferometry experiments. 
The accuracy of these drauinEs could very well be questionable. 

6. CONCLUSIONS 

The resu l t s  o f  the short baseline experiments have shown that it is possible 
t o  measure short baselines t o  mm accuracy w i t h  radio interferonetry. Lowever, 
t h e  method described here i s  s t i l l  limited by systematic errors. A second cable 
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calibration system would probably reduce t h i s  error  t o  a large extent. A h igh  
prec is ion  conventional survey should a l s o  be conducted before any further 
comparisons are made. 
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ABSTRACT. A report is given on the first success- 
ful observations in a program of repeated geodetic 
VLBI experiments within the 'European Network of 
Radio Astronomy Observatories. Because of the 
inherent limitations of the Mk I1 data acquisition 
system, a sequential bandwidth synthesis technique 
was used in order to improve the delay resolution. 
Simultaneous Doppler Satellite Observations were 
made at all stations to compare the results on the 
decimeter level and at the same time to supply 
ionospheric path delays for correcting the single- 
band (6 cm) VLBI data. 

105 



1 .. INTRODUCTION 

Project ERIDOC (European Radiointerferometry and Doppler 
Campaign) has been initiated to conduct simultaheous VLBI 
and satellite Doppler observation campaigns between those Euro- 
pean radio observatories that are or will be equipped with.VLB1 
recording systems. The project is designed to serve a number of 
purposes relevant for both geodesy and astronomy. The most im- 
portant of these are the following: 
- determine accurate relative station positions of European radio 
observatories involved in radio interferometry, 

- refer these station locations to the 'geocenter by using Doppler 
observations of Earth satellites, 

- check the scale and the orientation of geodetic networks, 
- compare the scale and orientation between the.VLB1 and Doppler 
networks, - test the performance of the VLBI and Dopp1e.r systems on the 
European scale, - investigate environmental effects such as tropospheric and 
ionospheric refraction, and - monitor geophysical phenomena as far as the achieved accuracy 
allows to resolve (e. c j .  Polar Motion and UTI-variations). 

Comparing results from observations taken at the same epoch of 
time has the particular advantage that uncertainties in the 
orientation of the reference systems due to precession, nutation 
on one side and Polar motion, UT1 variations on the other do not 
enter into the comparison results. 

In a joint effort of the geodetic departments of the Technical 
University Delft (Holland) and the University of Bonn (Fed. Rep. 
of Germany) the satellite Doppler and the VLBI campaigns have 
been organized and carried through execution. The actual measure- 
ments were performed by many enthusiastic individuals observatory 
personnel as well as geodesy staff, who took an active interest 
in the campaign. A full list of the participating groups is 
given at the end of this paper (section 5). 

2. THE GEODETIC VLBI CAMPAIGNS 

At present only two European VLBI stations are equipped wi.th high 
performance Mk I11 recording terminals, namely Effelsberg (Fed. 
Rep. of Germany) and Onsala (Sweden). At the other stations 
apart from Chilbolton (England) no particular provisions for geo- 
detic VLBI observations had been taken before the proposal for a 
series of geodetic VLBI campaigns between the European stations 
was presented to the European VLBI programme committee. In this 
situation it appeared to be profitable to maks the best possible 
use of the existing Mk I1 recording equipment, taking advantage 
of the positive experience of the NASA/JPL DSN and ARIES groups 

106 



with the sequential bandwidth synthesis scheme (Famselow et al. 
1979, Niell et al. 1980). A full description of this method is 
given by (Thomas 1981). In accordance with the width of the 
receiver passband at the NASA antennae a bandwidth of about 
40 MHz was synthesized with eight channels on the DSN intercon- 
tinental baselines (10 000 km) and with two channels on the much 
shorter ARIES baselines (100 - 200 km) . On the European scale 
the two channel approach, which minimizes the loss in sensitivity, 
was concidered to be the best choice, because it is relatively 
easy to implement at most European stations. 

The 40 MHz two channel approach leaves an ambiguity of 25 ns in 
the bandwidth synthesis (BWS) delay determination. With a rela- 
tively high signal to noise ratio (SNR) provided by the rather 
sensitive European station configuration the non-ambiguous 
single channel delays tend to be fairly accurate (+  1.5 - f 5 ns) 
and can be used to resolve most of the ambiguities in the BWS de- 
1ays.Any remaining ambiguities are then sorted out in the final 
baseline solution. 
The necessary technical provisions to implement a basic BWS 
capability at the European VLBI stations (essentially the opera- 
tion of two synthesizers and a diode switch controlled by the 
UTC time tags) proved to be almost negligible. On the other 
hand, for a refined system the removai of instrumental phase 
delay changes, especially those of dispersive nature, is essec- 
tial. This,. helas, requires a rather sophisticated system com- 
prising a tone generator, an rf-injection point near the feed 
horn and a cable delay compensator (Thomas 1981). It was decided 
to discuss the problem with the individual observatories and in 
the meantime start gathering experience with only the basic 
equipment. 

Starting in October 79 three geodetic VLBI sessions have taken 
place in the commonly used European 6 cm-band. For these 6 cm 
Mk 11 campaigns the acronym WEJO, short for Westerbork, Ef,fels- 
berg, Jodrell Bank and Onsala was chosen, alxhough it turned out 
later That two more staxions, Chilbolton and MetsSihovi (Finland), 
were able to take part (see figure 2). The stations and the 
equipment used are listed in table 1. Of the three campaigns 
only WEJO-2, which,constitutes the VLBI-part of Project ERIDOC, 
was fully successful. The other two campaigns were hampered by 
equipment failures and bad weather conditions (high winds and 
snowfall). 

A relatively simple observing schedule was set up with fixed 
15 min scans (including a varying portion of time for slewhg). 
Shorter scans could have been used, but the. intention was to 
monitor the phase behaviour on the. different baselines and obtain 
quantative data for the performance of the participating 
stations. 
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Station "1 

Westerbork 

Effelsberg 
Jodrell Bank 
(Mk I1 telesc.) 

Onsala 
(OS0 25.6) 

Chilbolton 
Met s ahovi 

(telescope "B" ) 

Antenna 
Diameter 

Im l  

25 
100 

26 x 38 

25.'6 
20 
14 

Mount 

type 

EQ 
AZ - EL 

AZ - EL 

EQ 
AZ - EL 
AZ - EL 

Axis 
off set 

Im l  

4.95 
- 

0.47 

2.15 
- 
- 

Cllock 
system 

Rubidium 
H-Maser 

Rubidium 

H-Maser 
H-Maser 
Rubidium 

Tab. 1: WEJO - VLBI - stations 
I. 

") For the supporting agencies see section 5. 

The data used in the present report was collected at the October 
'80 (WEJO-1) and April '81 (WEJO-2) observing sessions lasting 
12 hours and 24 hours respectively (see Fig. 1 ) .  A l l  data were 
correlated both at the 3-station Mk I1 processor of the MPIfR '1 
in Bonn.and at the 5-station JPL/CIT '+) Mk I1 processor in 
Pasadena, California, U.S.A. This double effort was necessary 
because the Bonn processor has not yet been fully checked with 
respect to its geodetic accuracy and reproduceability. It is 
hoped that the Bonn processor can be modified to accept switched 
data for bandwidth synthesis in the near future. At present the 
tapes have to be passed through the Bonn correlator as many 
times as the number of frequency channels recorded. In all it 
took about 5 times longer to process the 2-channel 5-station 
WEJO-2 data in Bonn than in Pasadena. 

The fringe analysis of the JPL/CIT correlator output was carried 
out with the PHASOR software written by G. H. Purcell and others 
(Thomas 1981). The PHASOR output tape containing the estimated 
residual channel amplitudes, phases, delays and rates, the BWS 
delays and the model quantities was then sent to Bonn for the 
final processing stage: reconstruction of the total observed 
quantities, ambiguity elimination and least squares baseline 
solutions. 

The least squares baseline fitting software has been developed 
at the Geodetic Institute in Bonn. This single baseline program 
includes all relevant geometric and geophysical models down to 
the 0.1 ns-level on intercontinental baselines (6000 - 10000 km). 

~~ 

*) Max-Planck-Institut fur Radioastronomie 
*') Jet Propulsion Laboratory/California Institute of Technology 
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A comparison with the US East-CoastTVLBI software package 'ICALC" 
has'confirmed this accuracy level. For the European baselines 
t h i s  t rans la tes  i n t o  a 0.01 .ns model delay accuracy. A multi 
station baseline software is still in the process of compilation; 
therefore the results in this report are represented as single 
baseline solutions and should be regarded as preliminary. 

r 

0. b 
!2 

Due to the high weight of the Effelsberg 100 m telescope in the 
SNR-levels on the different baselines of the. WEJO-2 experiment, 
only the four baselines connecting the other stations to Effels- 
berg have been used in this report. The other six baselines will 
of course be included later in the multistation solution. The 
Effelsberg - Metsahovi base.line, which turned out to be the only 
successful baseline in the Oct. '80 WEJO-1 experiment, has been 

EFF 

METS 
I 

I 
I c I 1 UT 

16 0 6 
5. oct ao , 6. O c t  8 0  

la UT 
i 

Fig. 1: WEJO 1 .and WEJO 2 Mk I1 VLBI summary 

added to the data set for comparison reasons, because it does 
not belong to the same epoch of time. 

Table 2 summarizes the baseline results which were obtained by 
forming the weighted means of the two single channel and the 
BWS results. This procedure appeared reasonable because of the 
relatively high accuracy of the single channel delays. In order 
to minimize the influence of the rubidium clock instabilities, 
the data on the EFF-WBK and EFF-JOD baselines were subdivided 
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into three blocks of about equal size (-8 hours of data each.). 

b m  
Y 
QY 

The source positions used in the analysis were those published 
in the JPL-List No. I from 1980 (Fanselow et al. 1980). These 
positions were held fixed in all solutions. 

b m  ar ns u . ~  mHz z 
Q, QBWJ ns 

-43 114.06 
. 2 0  

-640 793.25 
.10 

-587 641.48 
.07 

164 491.25 1.4 1.5 
. 33  - 

185 855.39 2.0 2.3 
.28 - 

43 363.86 5.0 0 .5  
.18 0.8 

EFF - WBK -205 345.57 
.16 

- 

EE'F - JOD 

EFF - CHIL 

EFF - ONS 

EFF - METS 

Table 2: Mk I1 VLBI baseline results and rms values as computed from the 
spread of the partial data sets. The last column contains the postfit rms 
of the observations. 

-211 099.46 
.18 

-25 636.42 
.17 

-662 981.86 
.08 

-1 141 362.15 
.20 

On all baselines involving the stations Westerbork and Jodrell 
Bank the BWS delays were corrupted by strong sinusoidal phase 
variations. The exact cause of these variations has not yet been 
established, although insufficient stability of the rubidium 
standards may explain a good part of the problem. The BWS delays 
on the Effelsberg to Onsala baseline proved to be the only ones 
fully consistent with the theoretically expected 40 MHz BWS 
accuracy level of about 0.2 ns. At Chilbolton, the Maser break- 
down probably entailed a somewhat lower stability performance 
than usual. Moreover the gcm receiver had a relatively high 
system temperature ( -  300 K) . 

224 474.40 
.05 

824 725.95 
.14 

*). 20 ivlHz synthesis 

449 233.14 1.5 0.5 
. lo  0 .2  

612 208.86 5.0 0.9 
.34 1.3 
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Figure2 ERIDOC n twork 

A = 6cm WEJO VLBl Station 

0 = ERIOOC Doppler Station 

0 WETTZELL 
0 WE ILHEIM 

0 GRAZ 
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3.  THE DOPPLER OBSERVATIDNS 

' In the period of April 7 until April 1 7 '  1981 Doppler observa- 
tions to the satellites of the 'Navy Navigation Satellite System 
(NNSS) have been carried out at 18  European stations (Fig. 2 ) .  
An additional aim of this campaign was to'connect the ERIDOC 
network to earlier European Doppler networks such. as EDOC-2 
(Boucher et al. 1981)  including especially the European Tranet 
stations and several laser observatories'. A list of the stations, 
the participating institutions and the receiver equipment used 
is shown in table 3 .  

The two processing centers at th.e Technical University Delft and 
the University of Bonn received all Doppler observations either 
as raw or as majority voted data (i.ncluding the meteorological 
readings) by October ' 81 .  Precise ephemerides (PE) have been 
kindly made available by the US Defense Mapping Agency (DMA) for 
the satellites 30 1 4 0  and 3 0  190.  

Data reduction was carried out at both computing centers with 
the GEODOP software (Kouba et al. 1 9 7 6 ) .  Using small test data 
Sets I the two GEODOP versions at Delft and Bonn and the version 
of the Institut fur Angewandte Geodasie (1,fAG) i.n Frank.furt/Main 
have been compared in detail. All three versions. showed excellent 
agreements within 1 cm. 

The ERIDOC data were processed independently at both the Delft 
and the Bonn computing centers using in a first stage only the 
six WEJO-VLBI stations which are included in the Doppler-VLBI 
comparisons. 

The following computation configurations were performed with the 
GEODOP software: - 

1. Broadcast ephemeris 
2. Broadcast ephemeris 
3 .  Precise ephemeris 
4.  Precise ephemeris 
The coordinates of the 
table 4 are referenced 

single 
multi 
single 
multi 
BCE-MP 
to the 

point solution (BCE-SP) 
point solution (BCE-MP) 
point solution (PE-SP.) 
point solution (PE-MP) 

and the PE-MP solutions listed in 
doppler antenna phase centers. 

4 .  COMPARISON OF VLBI AND DOPPLER RESULTS 

The intercomparisons presented in this paper should be considered 
as preliminary because of the uncompleted status of the VLBI 
analysis: only part of the available data have been used until 
now and only single baseline solutions have been performed. 
Therefore a simple spatial transformation with up to seven para- 
meters and neglecting the covariance matrices from the VLBI and 
Doppler solutions was applied. In the final analysis the concept 
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STATION 
-. 
Onsala S 

Effe lsberg  D 

Jodrell Bank GB 

MetsShovi 

Wes terbork 

Dwingeloo 

Robledo 

Wei lheim 

Chilbolton 

Wettzell 

Bologna 

Graz 

Leeuwarden 

SF 

NL 

N L  

E 

D 

GB 

D 

I 

A 

NL 

Herstmonceux GB 

Kootwijk NL 

Dionysos GR 

Florence I 

B r u s s e l s  B 

te les cope 

telescope 

te  1e.s cope 

telescope 
sat. laser rang. 

telescope 

telescope 

telescope 

telescope 

telescope 

telescope *)  
sat. laser rang. 
EDOC 

telescope *I 
EDOC 

EDOC 

sa t  . laser rang. 

sat. laser rang. 

sat. laser rang. 
EDOC 

EDOC 
TRANET 

EDOC ’ 

TRANET 

RECEIVER 

MX 1502 

MX 1502 

JMR 1 

CMA 751 

CMA 751 

C d  751 

JMR 1A 

CMA 761 

JMR 1 

CMA 722B 

1IX 1502 

CMA 722B 

CMA 751 

JMR 1 

CMA 751 

MX 1502 

TRANET 

TRANET 

INSTITUTIONS 

I n s t .  of Technology, Stockholm 

Universi ty  of Bonn 

Universi ty  of Nottingham 

Finnish Geodetic I n s t i t u t e ;  
Norges Geograf i s k e  Oppmaling 

T.U .Delf t 

Wageningen Agr icu l tura l  Univ. 

I n s t i t u t o  Geografico Nat ional ,  

IfAG / Frankfurt;SFB’ 78 

Ordnance Survey GB 

I f A G  / Frankfurt;SFB’ 78 

Madrid 

Universi ty  of Trieste 

I n s t i t u t e  for Space Research, 
Austr ian Academy of  Sciences 

T .U. Delf t 

Royal Greenwich Observatory: 
Ordnance Survey GB 

T . U. D e l f t  

National Techn.Univ.of Athens 

I.R.O.E. Florence 

Observatoire Royal de Belgique 

T a b l e  3 : ERIDOC Doppler s t a t i o n s  

u )  u n d e r  c o n s t r u c t i o n  
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Stat ion 

Onsala 
( O m  

Metsahovi 
( METS) 

Jodre l l  Bank 
(JODI 

(CHIL) 
Chilbolton 

Westerbork 
( WBK) 

Ef  f elsberg 
( E m  

~~ 

accepted 
wasses 
BCE 
PE 

BCE 
PE 

B E  
PE 

BCE 
PE 

BCE 
PE 

BCE 
PE 
- 

181 
66 

178 
100 

81 

29 

135 
59 

141 

69 

21 3 
84 

X 

3370912.91 
911.04 

2892593.94 
592 . 16 

3822735.43 
733 54 

4008491 . 77 
489.54 

3828728 . 99 
726 . 84 

4034102.47 
100 . I 4  

+ - 0.70 

- + 0.73 

+ 0.24 - 

+ 0020 

+ - 0.69 

- 

- + 0.34 

- + 0.68 
+ 0.22 

- + 0.68 
+ 0.20 

- + 0.67 

- 

- + 0.20 

Y 

71 1516 . 54 
517.32 

131 1786.83 
787 75 

-1 54037 88 

39. 36 

-100533.27 
533.92 

443249.26 
249.60 

486794.02 
794.10 

Q 
Y 

2 0.57 
- + 0.32 

+ - 0.25 

- + 0.50 

- + 0.57 
- + 0.33 

- + 0.55 

+ 0.60 - 

- + 0.61 

- + 0.26 

- .  + 0.54 
+ 0.26 

2 

5349675.09 
675 56 

551261 5.67 
616.11 

5086347.58 
345 98 

4943636 . 64 
636 . 07 

5064-877 . 20 
876.98 

4900329.04 
329.04 

+ - 0048 
+ 0.20 

+ 0.46 

- 
- 
+ - 0.15 

- + 0.54 
- + 0.30 

- + 0.53 

- + 0.51 

- + 0.51 
- + 0.17 

+ 0.20 - 

- + 0.17 

Table 4 : Doppler derived coordinates r e f e r r e d  t o  the Doppler antenna phase c e n t e r s  
from the  BCE - MP and PE - MP solutions.!Lke coordinates a r e  given i n  t h e  
BCE - respectively NSWC 9Z2-coordinate system. 



of S-transformations will be applied (B.aarda 1973) allowing also 
the application of statistical testing to detect gross errors. 

Before the transformation a l l  Doppler coordinates were converted 
to the corresponding VLBI reference points, which are defined as 
the intersection of the prime and secondary telescope axes. All 
VLBI baseline results refer to these axis intersection points; 
any offsets (see tab. 1 )  have been taken into account in the 
baseline solutions. The Doppler-VLBI ground survey ties have 
accuracies at the cm-level and are listed in table 5. 

Station 

Onsala 
Effelsberg 
Jodrell Bank Mk I1 
Chilbolton 
Metsahovi 
Westerbork 'B I 

A X  

+ 59.78 
- 147.92 
+ 115.13 

+ 0.42 
- 176.61 

- 120.89 

A Y  

- 65.31 
+ 179.60 
+ 220.69 
- 133.95 
- 83.72 
+ 611.34 

AZ 

- 12.62 
+ 100.92 
- 62.37 
+ 158.24 
+ 23.32 
+ 43-37 

Table 5 : ERIDOC ground survey ties ( A  = VLBI minus Doppler) 

The VLBI coordinate set was created by assigning approximate but 
fixed geocentric coordinates to the station of Effelsberg and 
adding to these values the baseline results from table 2. The 
station of Metsahovi has been included although the VLBI posi- 
tion had been observed at a different epoch because the long 
baseline to Mets3hovi improves the scale factor determination. 
The results of both the 5 parameter and the seven parameter 
spacial transformations are shown in table 6. 

Most of the postfit residuals which are represented in the local 
vertical system, are consistent with the expected accuracy level 
of N 0.5 m in all three coordinates. The translation parameters 
have been omitted because of their arbitrary character. The scale 
factor of - 0.26 ppm is of the same sign but somewhat smaller 
than the values obtained from global data (Hothem et al. 198'2). 
The rotations express the polar motion and UT1-differences 
between the Doppler- and VLBI systems. The VLBI baseline solu- 
tions are referred to the smoothed BIH data from circular D, 
which inherently differ from the orientation integrated in the 
Doppler ephemerides. The magnitude of the rotation errors 
( *  0'.'2) reflects the fact that the extension of the European 
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7 parameters 

= + 0.68 [m] a. - 
p = - 0.26 2 0.41 [ppm] 

= - 0.29 + 0.18 111 I 
= - 0.21 I + 0.22 r111 

w = - 0.98 - + 0.12 [I11 

wx - 
Y 

z 

station 

ONS 
METS 
JOD 
CHIL 
WBK 
EFF 

pos t f i t  residuals Iml 

vN vE % 
- 0.42 0.95 0.25 
0.61 - 0.54 0.05 

- 0.02 - 0.02 0.92 
0.59 - 0.29 1.13 

- 0.45 0.27 - 0.57 
- 0.23 - 0.33 0.07 

~ ~~ 

5 parameters 

pos t f i t  residuals [m] 

vN vE % 
- 0.29 0.82 0.26 
0.83 - 0.69 0.44 

0.38 - 0.19 0.74 

- 0.17 - 0.21 0.58 

- 0.24 - 0.03 - 1.63 

- 0.42 0.28 - 0.39 

Table 6 : Doppler - VLBI intercomparison resul ts  
( f o r  further explanation see text) 

network is small compared to the Earthl's radius (the ratio is 
about 1 :5). 

If the baseline lengths are considered, the agreement between 
Doppler and VLBI results shows a marked improvement as might be 
expected, because the lengths are insensitive to orientation 
errors (tab. 7). In this comparison the Doppler multipoint base- 
lines can be said to achieve at least a three decimeter accuracy 
level over distances from 200 - 1500 kms. 

On the VLBI side the final analysis has still to be performed 
and will include tropospheric as well as Doppler derived iono- 
spheric calibrations. In future VLBI exper.iments the use of 
instrumental delay calibration equipment will be. essential to 
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Baseline from 
Effelsberg t o  

I without scalefactor 1 0.73 I 0.60 I - 0.03 10.25 I - 0.20 

len.T:t;h differences [ a33 
METS ONS JOD 

with scalefactor 
of table 6 

Table 7 : Doppler - VLBI intercomparisons of baseline lengths 

0.33 0.38 0.22 0.10 C.27 

arrive at accuracies in the centimeters. It is hoped that -the 
stations of Jodrell Bank and Westerbork 'will be able to procure 
H-Maser frequency standards soon. 
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ABSTRACT 

The Mobile VLBI stations of the Crustal Dynamics 
Project are described and the data acquisition program, 
operating procedures, and the survey re'sults are 
discussed. There are three Mobile VLBI (MV) stations, 
and 17 distinct sites have to date been occupied in or 
near California, U.S.A. Data acquisition activities 
started in 1974 at the JPL site for MV 1 (9meter 
antenna) and in 1980 for MV 2 (4-meter antenna). 
Activities for MV 3 (5-meter antenna) are scheduled to 
start by January 1983. 

Examples of survey results are presented for the 1980 
measurements which were made for the triangle defined by 
the base stations at Owens Valley and Goldstone, and the 
JPL Mobile VLBI site located on the opposite side of the 
San Andreas Fault from the base stations. The 
measurements were made eight times during 1980, and; 
although there is some variation in quality among 'the 
measurements, in general the precision of an individual 
vector seems on the order of 5 cm or better in any 
horizontal plane direction. 

The Goldstone to Owens Valley baseline solutions are 
relatively constant. The baselines containing JPL for 
all of 1980 are consistent, with no change in baseline 
components within the apparent precision of the 
individual solutions. However, the temporal grouping of 
these solutions suggests an abrupt shift of about 10 cm 
in the position of JPL with respect to the base 
stations. This apparent shift occurred sometime between 
the adjacent measurements of 5 February and 25 March 1980 
and was in a direction consistent with the average 
relative motion of the Pacific and North American plates. 

lThe research described .in this paper was carried out 
by the Jet Propulsion Laboratory, California Institute 
of Technology, under Contract NAS7-100 with the National 
Aeronautics and Space Administration. 
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I. INTRODUCTION 

The Mobile VLBI element of the Crustal Dynamics Project is managed by JPL, 
while the Project is managed by the Goddard Space Flight Center for the 
National Aeronautics and Space Administration (NASA). The Mobile VLBI system 
includes three transportable stations (MV 1, 2, and 3)  which are operazed in 
conjunction with a larger fixed-base station (or stations). The applications 
for such a system include establishing fundamental points for geodetic 
surveys, determining relative motions and regional strain fields near Zectonic 
plate boundaries and land subsidence, and rapid monitoring of regional 
deformations in the crust of the Earth after an earthquake. 

This paper is divided into three sections. The first discusses the three 
stations and their relative mobility. The second reviews both the past and 
planned measurement program and describes the actual time sequence followed 
when visiting a group of sites during May 1981. 

The third section describes some data-taking procedures, reviews a portion 
of the 1980 data sent to the NASA Geodynamics Data Archive, and examines the 
effects due t o  crudely accounting for the ionosphere and to converting from 
the smoothed'\UTl of the BIH to smoothed UT1, based on lunar laser-ranging 
(LLR) data. ;Also, the UT1 tidal term is applied. Specific details on the 
role and system elements of the Mobile VLBI stations can be found in Trask 
(1979) 

11. MOBILE VLBI STATIONS 

The Crustal Dynamics Project has three Mobile VLBI stations: MV 1 (a 
9-meter station), MV 2 (a 4-meter station), and MV 3, (a 5meter station). 
All three stations will be ready in the "standard" Crustal Dynamics 
configuration by April 1983. That is, they will use a Mark I11 recorder 
(ll2-Mb/s record rate) and will sample data across 400 MHz of spanned 
bandwidth at X-band (8.4 GHz) and 100 MHz at S-band (2.3 GHz). The first two 
stations (MV 1 and 2), known by the common name ARIES, have measured data In 
other configurations since 1973 and 1980, respectively. 
3), known also by the names Advanced ARIES and ORION, is currently being 
fabricated. 
1982; and an electronics van by January 1983. The configurations of the three 
mobile stations in transit are shown in Figure 1; their operating modes and 
degrees of mobility are listed in Table 1. 

The third station (MV 

The station antenna should be ready for initial use by September 

The 9-meter station was acquired for proof-of-concept testing, with mobility 
a lesser priority. 
cherry picker approximately 14 working days (not including transit time) to 
disassemble, reassemble, and check out a station. Because of the relatively 
heavy expenses in moving MV 1, special efforts are made to verify its proper 
operation before beginning the main data acquisition period, and a second 
day's worth of data is obtained for back-up purposes; hence, the normal data 
acquisition mode is a 2-hour and two-26 hour periods, each separated by one 
day, as shown in the last column of Table 1 for MV 1. 

It takes a workforce of four people using a crane and 
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The operating mode columns of Table 1 apply only when one of the mobile 
stations is being used in conjunction with a base station or stations. The 
length of time a station stays on site is determined by a trade-off between 
the probability of obtaining valid data and the expenses of revisiting sites 
should the data be "1ost.l' 
currently used for MV 2, although good baseline solutions should be otainable 
with six hours of data. Also, during the current phase of development, 
reliable solutions for baselines seem to "require" three stations. 
solutions in this paper are based on forced closure of the triangle defined by 
the three stations.) Theoretically, satisfactory results are obtainable with 
only two stations. 
specification reflect the goal of being able to obtain a precise baseline 
measurement using a single base station operating with a six-hour data 
acquisition period. 

A 24 to 36 hour data acquisition period i s  

(The 

The row for MV 3 in Table 1 and the M I  3 design 

The 4-meter station (MV 2) was obtained to demonstrate higher mobility. 
Only eight hours are required for tear-down and set-up versus 14 days for MV 
1. 
antennas (but not the electronics vans) were obtained as Army surplus 
equipment, MV 3 was designed and built specifically for the Crustal Dynamics 
Project. 
copies of the station or its subsystems may be obtainable from commercial 
sources. 
Figure 2 and in its deployed configuration in Figure 3. The MV 3 station was 
designed to be operated by a two-person crew, who perform all operations but 
repairs. During a normal cycle, within a two-day span, the crew would drive 
to a site, set up and check out the,station, take six hours of data, tear down 
the station, and prepare to drive to the next site. 

Also no crane or cherry picker is needed for MV 2. Although the first two 

The station equipment is being documented with the goal that future 

The MV 3 antenna transport is shown in its transit configuration in 

111. DATA ACQUISITION PROGRAM 

The Mobile VLBI measurement program is designed to monitor changes in the 
vector baselines among the MV sites and the base stations. Two base stations 
are usually used, separated by 260 km. One base station is located in the 
Owens Valley and the other is at Goldstone, CA. Recently, a third station 
(located at Ft. Davis, TX, 1300 km from Goldstone) has also been used. To 
date, the mobile stations, have visited the 17 sites shown in Figure 4, of 
which all but one (Yuma, AZ) are in California. 

After short baseline (307 m) runs performed in 1973-74, MV 1 initiated a 
measurement program to demonstrate the geodetic performance of ARIES and,: at 
the same time, to produce data of potential geophysical interest by a careful 
choice of demonstration sites. The history of site visits for MV 1 and MV 2 
through 1981 is listed in Table 2. 
acquisition history (seven years), while four other sites have histories 
spanning four to six years. 
occupation, nine of which occurred in ,1981. 

The JPL site has the longest data / 
The remaining 12 sites have only had a single 

The measurement program was turned over to MV 2 in the later part of 1980, 
after which site visits were arranged in "bursts." That is ,  to reduce 
reconfiguration overhead at the base station and for other reasons, it was 
advantageous to visit the sites in groups rather than uniformly spread out 
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site.visits over the year. 
sites: JPL, Palos Verdes, and Pearblossom. In May it visited five sites: 
JPL, La Jolla, Monument Peak, Yuma, and Pinyon Flats. 

For example, in February 1981, MV 2 visited three 

The time history of events for the May 1981 b u r s t  is shown in Figure  5. The 
nominal cycle time is 36 hours; i.e., a 24-hour data acquisition period, 3 
hours to tear down, 4 hours to travel, and 5 hours to set up and check out the 
station. However, a number of factors caused a deviation from this pattern. 
For example, the first site is JPL, and because of time constraints on both 
ends, the data acquisition period is generally less than 24 hours. The MV 2 
requires a wide load highway transit permit, because the 4-meter dish cannot 
be disassembled as the 9-meter dish can. 
antenna must be clear of the Greater Los Angeles area by 4 PH9 which generally 
means it must shut down at JPL shortly after 10 AM. But on the first day of a 
burst, OVRO is not in configuration until sometime between noon and 4 PH, 
which results in less than 24 hours of data for the JPL/OVRO baseline. Items 
which. were peculiar to the May burst influde: an underpowered tractor Eeing 
assigned to the move, which significantly lengthened the travel time; a flat 
tire upon departing from Yuma; and high winds at Monument Peak which forced  
the crew to stow the antenna. 
would have been used at Monument Peak had there been reasonable assurance that 
the winds would subside. 

Even with a wide load permit, the 

The schedule included a one-day pad, which 

The next burst (August 1981) was the largest yet conducted and consisted of 
six sites, namely: JPL, Palos Verdes, Pearblossom, Gorman, Santa Paula, and 
Vandenberg Air Force Base. 
time. In December, MV 1 was reactivated and remained at JPL, while NV 2 went 
to San Francisco, Pt. Reyes, Vacaville, and Ft. Ord. 

These sites were completed within ten days elapsed 

Except.for occasional engineering/training tests, the Mobile VLBI data 
acquisition activities were temporarily halted after the December 1981 burst. 
The activities will start up again as MV 3 becomes available, after which the 
standard data-taking configuration will use a base station at Goldstone, and 
MV 1 at Vandenberg Air Force Base, with MV 2 and M I  3 touring the various 
sites. 

Future plans call for sending MV 2 and 3 to Alaska each summer starting in 
1984 plus visiting a few new sites in California and one site in each of 
Arizona (in addition to Yuma), Colorado, Nevada, and Utah. 

IV. SAMPLE OF SURVEY RESULTS 

The JPL-Goldstone-Owens Valley (JOG) triangle (Figure 4) is measured at 
least once during each burst and the bulk of the past measurements with MV 1 
are for this triangle. In March 1982, JPL submitted a data package (Wallace 
et al, 1982) to the NASA Geodynamics Data Archive. This package containeb 
solutions for eight dates during 1980 for the JOG triangle, along with the 
associated raw and calibration data. The package was also designed to provide 
enough textual material so that independent investigators could duplicate the 
JPL results. 
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The remainder of this section describes the data-taking procedures and 
extends the analysis for one portion of the data package discussed above. 
data in the various 1980 solutions is reviewed, and the effects for the 
horizontal plane of the ionosphere and UT1 are discussed. In particular, 
crude ionospheric calibrations are applied to the data, smoothed BIH UT1 is 
replaced by smoothed LLR UT1, and the UT1 tidal term is added. All these 
changes improve the overall consistency of the data set, with the ionospheric 
calibration being the largest effect. 
of ten months from January to November 1980. The run IDS of these solutions, 
as well as their dates of occurrence and the amount of data contained in each 
solution, are listed in Table 3. 

. 

The 

The solutions spanned a time interval 

A typical observing session for ARIES lasts 24 hours and includes from 16 to 
18 sources. 
the time it is visible to the participating stations. Each observation, which 
is called a scan, will vary in length from 3 minutes for a strong source to 15 
minutes for a weak source, when recording at 4 Wb/s (Hark 11 recorders), as 
was done for this data. On the order of 90 scans are attempted during a 
24-hour session and barring any unusual equipment/procedural failures, between 
60 and 80 of these,will be successful and available for estimating baselines. 
The scans are normally taken when the elevation angle of the source is greater 
than 15O. 
hours to complete. 
wanting low elevation angle data to strengthen the geometry of the solution 
and avoiding data which is too stronyly corrupted by the limited ability to 
calibrate for the troposphere. The six-scan pattern is conceptually designed 
to be capable of "providing" a baseline solution on its own. Such a sequence 
results in about 90° of antenna movement between successive scans where, for 
example, four of the scans are at relatively low elevation angles at the four 
compass points and two of the scans are near vertical. A typical pattern is: 
vertical - east - north - vertical - south - west. This pattern was designed 
to reduce the correlation between excursions of the electrical path length or 
frequency system, which are time dependent, and other errors which may be more 
azimuth or elevation angle dependent. Also, the six-s.can pattern should keep 
sensitivity to the loss of a few hours of data relatively independent of where 
the gap occurs. 
ionospheric calibrations has essentially put a number of ''gaps'' in the "80 
data set." That is, to decrease the sensitivity of the solutions to the 
ionosphere, only the nighttime or about one-third of the available data was 
used for the S-band solutions provided in Wallace et a1 (1982) which, for the 
horizontal plane, are repeated in Table 4. The data in Table 4 are tabulated 
as changes from Reference Baseline Set C 81/122 which is presented in Table 5 .  

A given source may be observed up to six times, spread out over 

The pattern consists of six scans which take from 1 1/2 to 2 
The elevation angle constraint is a trade off between 

As it turns out, the inability to adequately provide 

2A reference baseline set is generally chosen to be arbitrarily near the 
average baseline to an even decimeter in the X, Y, Z coordinate system. 
One purpose is to facilitate the comparison of tables and plots in 
separate papers (as opposed to the practice of presenting data with respect 
to the average value of that particular data set). 
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The ionosphere affects all coordinates of the baseline but normally its 
largest effect is one of lengthening the baseline. 
employed MV 1 receiving at S-band and three used MV 2 receiving at X-band. 
The effect of the ionosphere is proportional to the columnar electron content 
d:vided by the square of the receiving frequency. 
ionospheric effect is 13 times greater for the S-band data than for the X-3and 
data. 
during the day than it is during the night. 

Of the eight runs, five 

Consequently, the 

Also, the columnar content of the ionosphere is considerally larger 

This difference is illustrated in.Table 6 where for the five 1980 S-band 
runs the daytime peak vertical ,electron content covered the range of 4 to 8 x 
1017 electrons/meter* while the average ni httime vertical electron 
content varied from 0.5 to 1.6 x 1017 el/m 1 
The columnar content values derived from the Faraday rotation data are 

listed in Wallace et al: (1982). However, the Faraday rotation data is 
believed, as discussed by these authors, to contain some biases due to 
unresolved 71 ambiguities. Consequently, nighttime ionosonde data has been 
used (Eis 1977) In conjunction with the Faraday rotation data to establish the 
offsetO3 
estimates of the vertical columnar electron content of the ionosphere for the 
various runs. 

The "adjusted Faraday" columns of Table 6 contain the current 

In addition to the ionospheric activity, Table 6 also illustrates the effect 
of the ionosphere on the OVRO to JPL baseline. The change in coordinates 
represents the solutions obtained when only nighttime data is used (low 
ionospheric activity) minus the solutions obtained when the complete 24-hour 
data set is used. 
length for 800 show that the effect of the ionosphere can be quite 
pronounced. However, these differences do not completely isolate the 
contribution due to the ionosphere for two reasons. 

For example, the changes of 18 cm in vertical and 37 cm in 

First, the difference between the data spans (e.g., 5.9 vs 25.6 hours for 
80G) will change the sensitivity of the solutions to error sources in addition 
to the ionosphere. And second, there is still an ionospheric effect Sn the 
nighttime data. 

A zeroth order estimate of the effect of the nighttime ionosphere for 
baseline length has been made and is given in Table 7. 
estimate a spherical shell ionosphere is assumed with a thickness equal to the 
average nighttime columnar content given in Table 6. The results of a study 
on the effects of such an ionosphere are presented in Enclosure 5 of Wallace 
et a1 (1982) for Run 80F. 
Equation (1). 

To obtain this 

For length the results can be estimated using 

b Length 17 2 
b Columnar Electron Content = 6 cm/250 km/lO el/m 

3The reduced Faraday Rotation (from Goldstone) and' ionosonde data (from 
Vandenberg Air Force Base) were provided by T. Litwin, L. Alvarado, and 
Dr. H. Royden of JPL. 
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The same partial derivative was used for all five of the S-band baselines 
with the changes in baseline length due to the nighttime ionosphere ranging 
from 2 to 13 cm for the 80 data set. 

For the case of a spherical shell ionosphere, the effect in.the transverse 
direction is negligible. However, the transverse direction is directly 
affected by errors in Universal Time (UT) while the length is not. The 
results presented in Wallace et a1 (1982) and in Table 3 m e  smoothed BIH UT1, 
which, among other things, means that the tidal terms have been smoothed out. 
In addition, UT1 derived from laser (Fliegel et al, 1982) or VLBI data can 
vary by several msec from the BIH data. 
determinations agree with each other better than they agree with BIH. The 
effect of ccnverting to smoothed UT1 as determined from lunar laser ranging 
(LLR) data (Dickey et al, in press) and of adding in the tidal terms is given 
in Table 80 
data set while the tidal term varies by over 2 msec. 
occurs between 80F and 80G which are only one week apart. The sensitivity of 
the transverse component to UT1 for the J O G  triangle is represent by Equation 
2. 

Furthermore, the laser and VLBI UT1 

The difference between LLR and BIH varies by 3 msec over this 
This later variation 

= 1.1 cm/250 km/msec A Transverse 
A UT1 

Compared to the changes caused by the nighttime ionosphere, these changes 
are relatively small ranging from -1.7 to +3.1 cm for the longest baseline 
(OVRO/JPL) and about half that for the shortest baseline (JPL/Goldstone). 

The data from Table 4 with the ionospheric corrections from Table 7 and the 
changes due to the UT1 conversions of Table 8 are plotted for the three 
baselines in Figure 60 
(810322 is the solution set of Wallace et a1 (1982)), and is plotted as 
changes from reference baseline set C81/12 given in Table 5 .  

The "corrected" solution set is known as 810322D 

The principal components of the error ellipses of Figure 6 are listed in 
Table 9 along with the size of their contributions. 
S-band and X-band. 
case for two reasons. First, there is the direct effect of 13 times more 
corruption for  the S-band than for  the X-band data. Second, there i s  the 
indirect effect caused by eliminating the daytime data. 
a fl effect increases the sensitivity of the solutions to random errors such 
as those contained in the rows of Table 9 for S/N, wet troposphere, and the 
random part of the.ionosphere. Other errors are proportional to the baseline 
length, e.g., the effect of the ionosphere, and uncertainties in source 
positions, UT1, and polar motion. The error model is still under development 
in an effort to explain the possible effects of various error sources on the 
solutions. As can be seen from Figure 6 ,  the model does not explain all the 
scatter in the baseline solutions. 
ellipse for a baseline has been used for all S-band runs and another for all 
X-band runs. 
runs, for most runs the variations in RSS is small compared to the uncertainty 
in the RSS. The primary causes of the variations relate to the behavior of 
the ionosphere and to the length of the data span (for short data spans). 

Two cases are considered, 
The ionosphere causes larger uncertainties for the S-band 

This loss of data via 

For the purpose of Figure 6 the same error 

Although the error budget will vary among S-band and X-band 
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Some general observations which can be made follows: 

The San Andreas Fault cuts the OVRO/JPL baseline at about 45' (NW-SE). 
It is roughly perpendicular t o  the JPL/Goldstone baseline and does nct 
cross the Goldstone/OVRO baseline, i.e., the lengths of the JPL/Goldstone 
and the Goldstone/OVRO baselines should not be affected by motion along 
the San Andreas Fault system to first order. 

The lengths of the X-band baselines (80B, I, and L) are relatively 
consistent, i.e., - + 3 cm for JPL/Goldstone and - + 1.5 cm for 
Goldstone/OVRO. 

The variation of the S-band lengths may be a combination of ionospheric 
effects and noisier solutions due to the shorter data spans. 
example, 80A and C appear undercorrected except for the DSS 13/OVRO 
baseline for 80A (using the X-band baselines as the standard of 
comparison). 

For 

The gap between the three earlier (January-February) points and the five 
later points (March-November 1980) for the JPL/Goldstone baseline could 
correspond to a episodic right lateral motion along the San Andreas Fault 
on the order of 10 cm. The JPL/DSS 13 baseline is the best of the two 
affected baselines with which to observe such motion for two reasons. 
First, the error ellipse is significantly smaller for JPL/DSS 13 than for 
the OVRO/JPL baseline because of a factor of two difference in length 
between these two baselines. Second, motion along the San Andreas Fault 
will affect the JPL/DSS 13 baseline in the direction of the semiminorp 
not the semimajor, axis of the error ellipse, i.e., the ionosphere 
corrections of Table 8 move the baseline in a direction normal to tha 
effect of San Andreas Fault motion. Although any effects of episodic San 
Andreas Fault motion on the order of 10 cm are not so clearly seen with 
the OVRO/JPL baseline, the data shown in Figure 6 is not inconsistent 
with such motion between February and March 80 (80C and D). 

The variation in the transverse direction for the Goldstone/OVRO baseline 
is larger than expected from the error model. No explanation is advanced 
at this time by the authors. 

Two pairs of runs are relatively close together, i.e., 80A and B are two 
days apart and 80F and G are seven days apart. The difference between F 
and G is from 3 to 6 cm for the three baselines, which is reasonable 
compared to the error model. However, the difference between A and E is 
from 8 to 14 cm which is on the large side. 
ionospheric corrections were applied to 80A (80B is an X-band run), the 
difference was 20 cm for the OVRO/JPL baseline. 
cm difference could be due to the lack of a better ionospheric 
calibration procedure. 

However, before the 

Some of the remaining 14 
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@ The changes in UT1 from BIH to LLR plus the addition of tidal terms were 
less than the quoted one sigma error in the baseline. 
changes did move 80F and G notably closer together in the transverse 
direction and did slightly reduce the earlier mentioned gap between the 
January-February and March-November solutions. 

However, these 
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Table 2. Aries Site Visil Hlstory 
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2 HOURS. 26 HOURS. 
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BY I DAY EACH 

HTO36HOURS 

6 HOURS 
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4 Feb80 5 7.8 28 25 27 2 J h  5 Febto3.sh 6Feb 

25Mar 80 5 7.8 22 29 23 14.2h 25Mar to15.8h26Mar 

3 h n  80 5 9.4 27 29 27 8.dh 3 Jun l 0 9 . 8 ~  4 Jun 

10 Jun 80 5.9 21 23 21 3.3h 11 Jun 104.9~ 12 JUn 

2 8 h i 8 0  x 19.9 28 58 24 18.5h28JUlb14.4h29JUl 

2 ~ 0 ~ ~ 0  x 21.3 58 74 a 2 2 . 8 h 2 ~ t o 2 i . 9 h 3 ~  

f==f 
JPL 131 

JPL 151 
w IN0  
M1 (IIAV 
JPL (51 

J f l  
N C O l D S l C N E - D S S ~  

N MALIEU ISAOOLL PEAK1 

N PAUS VERDES I21 
N PEARBUSSOM 

"N" MALlBU INIKE SIlEl 

N UJOLU 
N SAN FRANCISW 

IPRESIDIOI 

! Table); Data Summary for March €2 Submlltal of "80" Data Sel to Ceodynamics I I Start Day lFrq*of Receiver I Hrr. 1 ";'";5 I Available Timespanof Data 

Run  ID  -LocalTlme Sd.3GHz D;FTin Jpu ovRolGlds, -CMT 
Xd'4GHz WROClds JPL 

Table4. Values for Baselines of JOG Triangle: 
Mar  82 Submittal to Data Base 

ita Base 

Time Span of Data 
Used In FIT 

-CMT 

8.gh to 1 2 . 0 ~  4 Jan & 
4.6h to 8.0h 5 Jan 

ALL 

4.Zh lo  12.0h 5 Feb 

4.1h to 11.9h 26Mar 

8.7h lo 11.f 3 Jun & 
2.ph 109.8 4 Jun 

3.2h to7.9h 11 lun a 
3.Zh lo  4.4h 12 Jun 

ALL 

ALL 
-- 

I I Coordinates of Baseline M inus  Reference I 
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Table 5. Reference Baseline Set C81112 

Baselin e 

JPL (Bench Mark A 1 
to Goldstone (DSS 13) 

Geocentric, Equatorial Frame of Epoch 1950.0" 

- m  - m  - - m  

142 176.797 -281.340 95 437. a1 171 238.595 

North, Parallel Length X (Toward 0" Long. 1 Y (Toward 90" Long. 1 2 to Spin Axis 

Goldstone to Owens 
Valley (4Om Antenna 1 

-58 469.079 256 900.845 177 128.307 

OVRO to JPL I -83 707.721 I -176 846.964 I -273 083.965 I 335 941.488 

177 646.364 

'Right hand version of the CIO reference system with pole defined by 1903.0 pole. 
1980 IAU theory of nutation (WAHR model). 
1976 IAU precession quantities corrected by Y and 2 axis rotation rates of 

3.09 it 2.37 marcsedyr respectively. 
Table 6. lonospherlc A c t i V l l y  & Its Effect On the OVReJPl  Baseline 

'Columnar Electron Content 1 0 1 ~  d/m' 
Ave. Night Time Level Run I D .  

IS-Band 
Sessions) 

I 

L 

Change In the OVRO-JPL 
Baseline-an 

D u h g  Data 

offset 
Faraday Derived Adjusted 
Rotation using Faraday 
01 Re1 1 lonosonde 

Data 

~. . . . . 

Peak Content 

Faraday Adjusted 
Rotation Faraday Vertical Transverse Length 
o f R e f l  

lNite Cmlv Mlnus Al l  Data) 

~ BOA 

' mc 
I 

, 

BOF 

BOG 

-3.0 

. -3.0 

-36 3 

-1a 9 

-a 5 

0.84 -0.22 0.Q 6.3 6.1 t7.1 t7.0 

1.18 -0.65 0.53 6.1 5.4 00 -6 9 

2.21 -0.65 1.56 8.8 8.1 +18.2 -9.6 

2.67 -1.08 1.59 5.5 4.4 +3.6 + I .  9 

2.47 -1.08 1.39 3.9 3.8 +ai + 6 4  

2 a. Fa- mMion  is as in enclosure 5 of Wallace et a1 119821 except aramblguity 1432 x 1017ellm I has 
been subtracted out of the data for 8w prior to 1810 CMT 4 Jan 8Q however T amblguitles stlll seem lo 
exist and the night Ume lonosonde data was used b detect these ambiguities. See EIS d al. 119771 for 
the  technique used Le., Electron Content Slab Thickness X Peak Electron Density where the slab 
thickness was assumed to be between 200 and 3W Km and relative antenna orientations are such that 
zero electron content corresponds to -1127~ 

Table 8. Effect of U l l  

80A 

80C 

80D 

80F 

80G 

Table 7. Effect of Spherical Ionosphere 
I I 

0.62 -2.5 -3.7 -4.9 

0.53 -2.1 -3.2 -4.2 

1.56 -6.2 -9.4 -12.5 

1.59 -6.4 -9.5 -12.7 

1.39 -5.6 -8.3 -11.1 

Calibrated Minus Uncalibrated 
Sph erica I 1 JPU I Goldstonel 1 0yP"p' 

Goldstone OVRO 

Run 
ID 

80A 
808 
80C 

80D 
80F 

80G 
801 

80L - 

Smoothed 
LLR Minus 

B IH 

+2.0 
+2.0 
+l. 3 
9. 3 
-0.2 

-0.3 
-1.2 
9. 8 

Tidala Total Goldstone 
Term I I Jp" 

+l. 3 
+I. 6 
+1.2 
-0.1 
0. 7 

-0.9 
-0.1 

9.4 

;oldston el 
OVRO 

+2.0 
+2.4 
+l. 7 

-0.2' 
+l. 1 

-1.4 
-0.1 

9. 5 

- 
WROl 
J PL 

+2.6 
e. 1 
12.3 
-0.3 
+l. 4 
-1.8 
-0.1 

9. 7 - 
a. Tidal terms from an internal JPL document by M. Eubanks 
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Table 9. Error Budget for Horizontal Components of Baselines In JOG Triangle. 

0.1 
0.4 

0.8 

0.1 

1.2 

0.5 

1.1 
1.3 

0.3 

2.3 

T L  

1.2 
0.5 

1.0 

0.2 

1.6 

1.2 

--- 
--- 

0.4 

2.6 

0.7 
0.5 

1.0 

0.1 

1.6 

0.6 

--- 
--- 

G.4 

2.2 

1 1  

0.4 
0.4 

0.8 

0.1 

1.2 

0.3 

0.7 
0.9 

0.3 

2.0 

2.0 

0.5 

1.1 
1.3 

0.3 

2.4 

1.2 

--- 
--- 

0.4 

SITE TRUCK 4 m ANTENNA INSTRUMENTATION VAN 
M V 2  CARAVAN 

(ARIES 4-METER 1 

5 m ANTENNA 

M V 3  CARAVAN 
(ADVANCED ARIES 

Errors for an X-Band 1mB) 
Baseline-Cm 

Errors for an S-Band 18OA) 
Baseline-Cm 

Coldstond -x Widstondl 
OVRO OVROlJPI 

Error 
Corn pan en t JPU Goldstone - 

1 

1.1 
0.4 

0.8 

- 

4.4 

2.0 

0.6 

1.4 
1.8 

0.3 

5.6 
- 
- 

- 
1 

0.8 
0.4 

0.8 

- 

0.1 

1.2 

0.6 

1.4 
1.8 

0.3 

2.9 
- 
- 

- 
1 

0.2 
0.5 

1.0 

- 

0.1 

1.6 

0.9 

-I- 

--- 
0.4 

2.2 
- 
- 

Leng, rrans. L 
0.3 
0.5 

1.0 

- 

4.1 

2.4 

0.9 

--I 

--- 
0.4 

5.0 
- 
- 

1.1 
0.5 

1.0 

2.8 

2.4 

0.6 

--- 
--- 
0.4 

4.1 

rnal , 

- 
- 

0.7 
0.4 

0.8 

2.2 

2.0 

0.3 

0.7 
0.9 

0.3 

3.4 
- 
- 

SIN 
Clock Instability 

instrumentation 
delay (1' noise 
each channel) 

Ionosphere 
(ramhigully + 
1% totall lWkm 
random) 
Wet Troposphere 
Iz an random 
ea. site) 
Souice. Position 
(0.02 Ina,aCOS6) 

UTI (1 msec) 
Polar Motion 

(40cm ) 

Other 

(Af/f 10'148. Site 

RSS 

'Based In part on ir 
4.4 [ 6.6 
y S.C. wu .documents 

30 KVA / OENERATOR 
ANTENNA PANELS 1121 

\ 
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QENERATOR. 
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I R A N S I l  CONFlOURAllON 

DEPLOYED CONIIQURATION 
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Figure 4. Crustal Dynamics Project, Mobile VLBl  S i t e  G m n e t r y  

132 



I LOCAL TIME (POT) i 
0 

GOLDSTONE 
(OSS 13) I /  

1’ 
JPL 

LEGEND: 
=DATA ACQUISITION m-mm TEAR DOWN TRAVEL 1-4 SET UP 

--+20 

--+16 

--+12 

- -+a  

Figure 5. Aries May 1931 Burst, MV 2 Site Visit History 

OWENS VALLEY 
IWRO) NORTH-CM 

SOLUTION SET __............ 81032213 
REf BASELINE SET. .._.... C81/12 

TO 
ov LEGEND: 

OWENS VALLEY 
IOVRO) 

A 1-3-80 
B 1-5-8000 
C 2-5-80 
D 3-25-80 
F 6-3-80 
G 6-10-80 
I 7-28-8000 

JPL [;; L 11-2-8000 

U l Y S u  

)C::::EE 

EAST- CM 

-32 -28 -24 -20  -16 -12 -8 +12 +16 +20 +24 +28 t 3 2  

-12 4 -16 

1 -20 

Figure 0. Aries hbtion of JPL with Resped to OVRO 

-I- -20 

flgure 6A. Aries M o n  of DSS 13 With Raped b JR Figure 6c. A r i a  M o n  of OVRO With Resped lo MS 13 



OVERVIEW OF THE MARK I11 VLBI SYSTEM 

N. R. Vandenberg 
Phoenix Corporation 
McLean, VA 22102 USA 

T. A. Clark 
NASA/Goddard Space Fl ight  Center 

Greenbelt ,  MD 20771 USA 

ABSTRACT. The Mark 111 Very Long Basel ine In te r fe rometry  ( V L B I )  t e c h n i q u e  
has  become an opera t iona l  tool for p rec i se  geodet ic  measurements w i t h i n  t h e  
NASA Crus t a l  Dynamics Project (CDP) and the  National Geodetic Survey for t h e  
POLARIS Project. This  paper describes t h e  basic characteristics of the Mark 
111 system for Buah applications and i l l u s t r a t e s  t h e  performance characteristics 
by showing some recent  data. Overall  measurement p rec i s ionus ing  the Mark 111 
system, based on one day data sets, is shown t o  be better than 3 cm in baseline 
l e n g t h ,  10 cm i n  p o l e  p o s i t i o n ,  100 micro-seconds of time i n  UT1, and 3 
mill i-arcseconds i n  source pos i t ions .  

INTRODUCTION 

The technique of very long base l ine  interferometry ( V L B I )  was o r i g i n a l l y  
developed as an astronomical research  tool. The Mark I11 system has evolved 
from the Mark I and Mark I1 systems through research and development efforts 
of people a t  NASA/Goddard Space F l i g h t  Center, Haystack Observatory, and the  
National Radio Astronomy Observatory. The Mark I11 system is more s e n s i t i v e  
than t h e  earlier systems because of multi-channel recording on high data rate 
d i g i t a l  t a p e  recorders. Design c r i t e r i a  for  t h e  Mark I11 included both 
astronomical and geodetic appl ica t ions .  

The Mark I11 system is now becoming an "operational" geodetic too l  through 
the  NASA Crus t a l  Dynamics Pro jec t  and its t r a n s f e r  of t h e  t e c h n i q u e  t o  t h e  
U.S. National Geodetic Survey (NGS) for project POLARIS. 

DATA FLOW THROUGH THE'MARK 111 SYSTEM 

Figure 1 shows t h e  flow of data through the Mark I11 system. A l l  aspects 
of  t h e  Mark I11 s y s t e m  a re  min i - compute r  based and c o n t r o l l e d ;  t h e  
Hewlett-Packard 1000 system i s ' u s e d .  The data base is t h e  c e n t r a l  c o n t r o l  
point and se rves  t o  in su re  data i n t e g r i t y .  

I n i t i a l l y ,  t h e  s o i e n t i f i c  goals of a p a r t i c u l a r  observing se s s ion  are 
established and the detailed schedule of q u a s a r  o b s e r v a t i o n s  is prepa red .  
The Mark I11 Data A c q u i s i t i o n  Termina l  ( D A T )  has  been designed for high 
r e l i a b i l i t y  and ease of u s e  i n  f i e l d  o p e r a t i o n s .  The system achieves a 
s i g n i f i c a n t  improvement i n  s e n s i t i v i t y  over  p r e v i o u s  YLBI systems th rough  
multi-channel recording on high data rate digi ta l  tape recorders developed  
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e s p e c i a l l y  f o r  VLBI.  I n  t y p i c a l  measurement programs, s ingle-point  delay 
measurements  a c h i e v e  20-100 psec (0.7-3 cm) p r e c i s i o n .  The measurement 
conf igura t ion  a t  each antenna is under mini-computer c o n t r o l  which i n s u r e s  
opera t iona l  ease and data i n t e g r i t y .  Fourteen DATs have been  completed by 
the Haystack Observatory, and seven more are now under cons t ruc t fon  commercially 
by Phoenix Corporation. 

After t h e  observing sess ion ,  the data t apes  are s e n t  t o  the processor where 
t h e  observable parameters are determined and en tered  i n t o  t h e  data base. 

The CALC program c a l c u l a t e s  theoretical parameters of '  t h e  precision earth 
model, and these are added to  the data base. Cal ibrat ion modules add co r rec t ions  
t o  the  data based on c o r r e l a t i v e  data recorded d u r i n g  f i e l d  opera t ions ,  such 
as water vapor  radiometry da ta ,  s u r f a c e  meteorology, and cable l e n g t h  
measurements.  SOLVE is t h e  i n t e r a c t i v e  l ea s t  s q u a r e s  f i t t ing software, 
producing estimates of parameters such as base l ines ,  polar motion, UT1, and 
source coordinates.  A l l  data is archived, as well as software and procedures, 
for complete t r a c e a b i l i t y  of  t h e  measurement process. F i n a l l y ,  a c c o u n t i n g  
procedures g ive  estimates of the  data y ie ld  and provide feedback for hpzwed 
performance. Typically,  80 t o  90% of a l l  scheduled observat ions are used i n  
a parameter f i t .  T h i s  high y i e l d  is due t o  the ease w i t h  t h e  Mark I11 system 
can be used and its high r e l i a b i l i t y .  

The Mark I11 data a n a l y s i s  and data management sys tem u s e s  i n t e r a c t i v e  
software and emphasizes accoun tab i l i t y  and traceability of data ,  software, 
and procedures. The a n a l y s i s  models have been ex tens ive ly  documented and now 
incorpora te  the 52000 and MERIT s tandards.  The NASA Crus t a l  Dynamics Project 
(CDP) is r o u t i n e l y  a r c h i v i n g  a l l  of t h e  Mark 111 data for  f u t u r e  use by 
inves t iga to r s .  The minicomputer-based a n a l y s i s  software systems have now been 
success fu l ly  i n s t a l l e d  a t  a number of co l l abora t ing  i n s t i t u t i o n s  in the  U n i t e d  
States, Sweden, Germany, and Japan. 

RECENT MARK I11 GEODETIC RESULTS 

T h i s  s e c t i o n  p r e s e n t s  r e s u l t s  of Mark I11 measurements of geophysical 
parameters. F i r s t ,  genera l  r e s u l t s  w i l l  be discussed and t h e n  some of t h e  
data w i l l  be examined i n  more 'de t a i l .  

Polar Motion 

Figure 2 is a p l o t  of data taken between 1980 J u l y  t o  ea r ly  1982. The 
ma jo r i ty  of t h e  p o i n t s  are POLARIS data; t h e  denser  po in t s  are t h e  MERIT 
per iods i n  la te  1980 and t h e  CDP fixed-observatory se s s ions  i n  1982 June and 
November. The errors are smaller on these po in t s  because more antennas were 
used i n  t h e  network. The major f e a t u r e  of t h i s  graph is the  smoothness and 
r e p e a t a b i l i t y  o f  t h e  VLBI  measurements and t h e  good comparison w i t h  t h e  
heavily-smoothed BIH values.  Some of the  short-term v a r i a t i o n s  i n  t h e  VLBI  
data may i n  fact be real but  more data is needed. 

Figure 3 is an expansion of t h e  MERIT period of F i g u r e  2. I n  t h e  p l o t ,  
t he  day-to-day r e p e a t i b i l i t y  is noticeable .  Comparison t o  laser data  shows 
g e n e r a l  agreement ,  b u t  t h e  one-day VLBI data has  smaller errors than t k e  
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five-day laser data. 

UT 1 

Measurements of UT1 are ava i l ab le  over the same time period as polar motion. 
F i g u r e  4 shows t h e  t o t a l  v a l u e  of UT1 as determined by POLARIS and large 
network experiments. An offset and s t ra ight  l i n e  w i t h  slope about 300 microsec 
p e r  day  h a s  been removed f o r  p l o t t i n g  pu rposes .  The BIH va lues  are the 
tabula ted  C i rcu la r  D with t i d a l  cor rec t ions .  Notice t h a t  t h e  VLBI data is 
smoothly varying and t h a t  i t  follows t h e  BIH data t rends.  

Figure 5 shows the MERIT periods i n  greater detail.  The day-to-day smoothness 
is not iceable  a t  the l e v e l  of f r a c t i o n a l  mil l iseconds.  

Base l i n e s  

The longest his tory of geodetic measurements is the baseline measured across 
North America between Haystack Observatory to  Owens Valley Radio Observatory 
i n  Cal i fornia .  The base l ine  length  is about 3900 km. Figure 6 is a p l o t  of 
base l ine  measurements made between 1976 and 1981 ; each p o i n t  is one  d a y ' s  
data. There are two groups of data i n  t h i s  plot: t h e  Mark I X-band data whlch 
has a +sigma rms of about 6 cm, and the  more s e n s i t i v e  Mark 111 S- and X-band 
data with an rms of about 3 cm. A s t r a i g h t  l i n e  f i t  t o  t h i s  f i v e  y e a r s  of 
data g ives  a s lope  of 0 f 0.4 &year,  t h a t  is, no change is detected i n  t h i s  
baseline. 

During the MERIT campaign, two of t h e  stations i n  use were Onsala, Sweden, 
and Chilbol ton,  England; t h e  base l ine  is about 1100 km. During one week, the 
seven determinat ions of t h i s  base l ine  using a l l  f i v e  s t a t i o n s  i n  the solution 
gave  rms r e p e a t i b i l i t y  of 5 om. If t h i s  b a s e l i n e  could not  be measured 
d i r e c t l y ,  we could s t i l l - i n fe r  the length  by using a l l  of t h e  data except the 
direct  basel ine.  A s  a test of t h i s  concept, the  s o l u t i o n  was run using only 
9 base l ines ;  i n  t h i s  case t h e  rms r e p e a t i b i l i t y  for t h e  seven days is 1.6 om. 
We conclude from t h i s  exe rc i se  t h a t  using many s t a t i o n s  i n  a VLBI network adds 
strength to  weak base l ines  and enables  good geodetic r e s u l t s  t o  be o b t a i n e d  
even i f  there is l i t t l e  or no direct measurements. Another i m p l i c a t i o n  is  
important for  mobile V L B I  experiments where is it not possible to  obtain usable 
results on the baseline between two small antennas. I n  this case i t  is possible 
t o  i n f e r  t he  base l ine  i f  a strong base s t a t i o n  is used. 

CONCLUSIONS 

Mark I11 V L B I  has become an opera t iona l  t o o l  f o r  geodetic measurements  
through the NASA Crus ta l  Dynamics Project and t h e  NGS POLARIS project. Routine 
measurements are made weekly by t h e  t w o -  or  t h r e e - s t a t i o n  POLARIS network,  
and a larger network of  about s i x  s t a t i o n s  is used s e v e r a l  times yearly.  

The Crus t a l  Dynamics Project is maintaining a r c h i v e s  and conf  i g u r a t i o n  
information for  complete accoun tab i l i t y  of  data, software and procedures that 
affect the  measurement process. Th i s  means t h a t  long term c r u s t a l  mo t ions  
can be r e l i a b l y  detected because data taken over a span of many years can be 
compared with confidence and accuracy. 
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THE DENSITY UPGRADE: MARK I11 A 

(A FUTURE IMPROVEMENT OF THE MARK I11 VLBI SYSTEM) 

B.F. Hinteregger 
NEROC Haystack Observatory 

Westford, Massachusetts 01886 U.S.A. 

ABSTRACT 

A t  p resent ,  t he  Mark I11 a c q u i s i t i o n  system records  up t o  28 c h a n n e l s ,  
each with up t o  4 (normally 2)  megahertz bandwidth from two separa te  I F  bands, 
onto 28 t r acks  on one inch wide tape,  using a longi tudina l  recorder with 2 fixed 
heads per t rack.  One head w r i t e s  and a corresponding head reads each formatted 
channel. i s  1.31 per micrometer (33,333 per inch), 
and tracks are 640 micrometers (.025"1 wide. 

The b i t  ( t r a n s i t i o n )  dens i t  

A long-sought order-of-magnitude dens i ty  increase,  c a l l e d  Mark I11 A, has 
been planned f o r  the  recording system. We expect t o  reduce t r a c k  w i d t h  t o  40 
micrometers i n i t i a l l y ,  so t h a t  336 t r acks  can be recorded i n  12 passes  of t h e  
tape. Thus, one 9200 foo t  tape w i l l  last f o r  t h ree  houff w h i l e  r e c o r d i n g  56 
megahertz bandwidth o r  a t o t a l  of about one t e r a b i t  (10 b i t s ) .  

Development e f f o r t s  a t  Haystack Observatory during the  past  two years have 
been funded by (so f a r  only)  NASA i n  support of geodet ic  app l i ca t ions  under the 
Crustal Dynamics Project. The density upgrade is  probably even more u s e f u l  t o  
astronomy than geodesy, however. 

INTRODUCTION 

In  the near future both conventional geodetic and astronomical VLBI systems -- 
t h e  former wi th  more widespread use of small t r a n s p o r t a b l e  a n t e n n a s ,  and t h e  
l a t te r  wi th  dedicated networks of l a rge  f ixed  s t a t i o n s  - - w i l l  be pressed t o  
conduct observat ions wi th  high duty-cycle as w e l l  as wide bandwidth. However, 
with the  present ( o r i g i n a l )  dens i ty  of Mark I11 recording, supporting observations 
a t  56 o r  112 megahertz recorded bandwidth f o r  more than a few percent  of r e a l  
t i m e  i s  not p r a c t i c a l  (see Table 1) .  Clearly an order  of magnitude increase i n  
d e n s i t y  i s  needed t o  make h i g h  du ty -cyc le  u s e  of such  a wideband system 
s u f f i c i e n t l y  economic and manageable. 

The need f o r  a major dens i ty  upgrade was an t i c ipa t ed  early i n  t h e  d e s i g n  
of t he  Mark I11 system. But technology was not suff ic ient1y.advanced i n  1975 
t o  permit a f i r s t  implementation with nnrch higher recording densi ty .  Nevertheless,  
we  attempted from t h e  ou t se t  t o  judge the  degree t o  which c r i t i c a l  conponents- 
tape  t r anspor t ,  heads and tapes  -- could su o r t  a major dens i ty  i n c r e a s e  and 
t o  s e l e c t  those which appeared t o  maximize 'Epgradeabil i t y  ". 
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Table 1: SUMMARY OF MARK I11 A 

WHAT: TWELVEFOLD DENSITY INCREASE 

HOW: REDUCE TRACKWIDTH, 16-FOLD, 640 TO 40 MICROMETERS 
MOVE HEADSTACK, 12 PASSES, 60 MICROMETERS/PASS 

WHY: PROPORTIONAL REDUCTION OF COST OF OPERATION MAKES 
HIGH DUTY-CYCLE PLUS WIDEBAND SYSTEM USE ECONOMIC AND MANAGEABLE 

OPERATION COST: Example, 30% Duty-cycle, 56 MHz Bandwidth, er S i t e ,  per Year 
Mark I11 Mark I11 A (x12 

TAPE SHIPPING 
TAPE STOCK 
HEAD REPLACEMENT 

TOTAL 

$100K 
100 

15 
$2EK 

$8K 
10 

7 
$s;K 

REPLICATION COST: $203 per RECORDER 

Certainly most fo r tuna te  i n  t h i s  regard was the  choice of the  Honeywell 96 
(longitudinal) tape transport. To the best of our knowledge, the  2 0.25 micrometer 
tracking consistency* of the 96, measured independently by o p t i c a l  (edge de tec t ion )  
and magnetic (off  set playback) tests and maintained under machine interchange, 
is  unmatched by even the  best  of narrow t r ack  VCR's. The 96 w i l l  c o n t r i b u t e  
negl ig ib ly  ( l e s s  than 0 . ldb)  t o  head/ t rack misregis t ra t ion losses when trackwidth 
is reduced t o  40 micrometers. I t  could even support t r a c k s  as narrow as  2.5 
micrometer 8 .  

Our present  goal ,  one order of magnitude increase  i n  dens i ty ,  can  be met 
by taking advantage of the  second, now f u l l y  mature, generation o€ t a p e .  The 
second generat  ion t apes  a r e  var ious ly  termed "professional  video" (PV), "digital 
audio", "advanced instrumentat  ion", o r  "VHS-equivalent". These high-coercivity 
(650 Oe) tapes  represent  a t  least a 12 db improvement upon f i r s t  g e n e r a t i o n  
instrumentat ion tape  i n  the  present  system. This 12 db SNR improvement can be 
t raded,  exact ly  i n  theory,  fo r  a 16-fold reduct ion of trackwidth. 

An add i t iona l  1 2  db improvement provided by t h i r d  g e n e r a t i o n  t a p e  w i l l ,  
f u r the r  i n  the  fu tu re ,  encourage another trackwidth reduct ion to  2.5 micrometers 
with no ne t  reduct ion of SNR o r  increase  in  error rate. One such third generation 
tape  has already been developed; i t s  gener ic  name i s  "vacuum video" (W) tape.  
A handheld camera/VCR using VV tape i s  expected t o  be on t h e  consumer market  
wi th in  a year. 

Thus, 3 micrometer t r ack  spacing o r  8,000 t p i  r e c o r d i n g  b e g i n s  t o  seem 
f e a s i b l e ,  given mature t h i r d  generat ion tape and the  5 .25 micrometer t racking  
of t he  96. A 2 .25 micrometer accura te  headstack and environmental con t ro l  of 
tapewidth and headstack length would a l s o  be needed. In addition t o  a twenty-fold 

*This is an upper bound on tracking inconsistency which excludes cha rac t e r i zab le  
(hence removable) machine and d i r e c t i o n  dependent f i x e d  o f f  se t s  and t h e  
s l i g h t  but systematic  d i f f e rences  between the  forward and reverse  tracking 
I 1  signature"  of a given piece of tape. 

144 



f u r t h e r  reduct ion i n  t r a c k  spacing we  can a n t i c i p a t e  , w i t h  t h i r d  g e n e r a t i o n  
t a p e ,  a h a l v i n g  of t a p e  t h i c k n e s s  and a 2-to-3-fold increase  i n  t r a n s i t i o n  
densi ty .  We p ro jec t  t h a t  a f u l l  and na tu ra l  evolut ion of t he  upgrade w i l l ,  by 
1990, make poss ib l e  recording 80 t o  120 t e r a b i t s  on a s ing le  14-inch d i a m e t e r  
r e e l  of inch-wide tape.  A t o t a l  recorded bandwidth of abou t  1 g i g a h e r t z  can  - now be obtained by quadrupling the  normal ( 2  megahertz) channel bandwidth and 
quadrupling the  number of channels ( a l l  w i th in  t h e  framework of t h e  p r e s e n t  
p a r a l l e l  Mark I11 system a r c h i t e c t u r e ) .  By 1990 it should, t he re fo re ,  be 
practical t o  record 2 g i g a b i t s  per second of data continuously,  since i t  w i l l  
t ake  about 12 hours t o  f i l l  the  100 t e r a b i t  bucket. 

THE CHOICE OF MEANS 

Volume d e n s i t  of magnetic tape  recording can be improved i n  t h r e e  ways :  
B i t s  can be made 1 3 shor te r  by increasing t r a n s i t i o n  d e n s i t y ,  2 )  t h i n n e r  by 
reducing tape  thickness ,  and 3 )  narrower by reducing trackwidth (and guard band). 

S ign i f i can t  but inherent ly  sharply- l imited d e n s i t y  improvements can be  
a n t i c i p a t e d  from the  f i r s t  two approaches: Spec i f i ca l ly ,  t he  higher resolution 
channel r e s u l t i n g  from the  combinat ion of VBS-equivalent (0.33 micrometer gap) 
heads and VHS-equivalent tape  encourages a 50% increase  i n  t r a n s i t i o n  d e n s i t y  
from 1.3 t o  2.0 per micrometer (33.3 t o  50 Kfci)  with only a 6 t o  7 db response 
r o l l o f f  . Also, consider t h a t  p resent ly  available inch-wide tape is 26 micraneters 
t h i c k  while  VHS c a s s e t t e  tape i s  now supplied i n  13 as w e l l  as 17 micrometer  
thicknesses.  As much as a doubling of volume d e n s i t y  therefore depends only on 
manufacturer's wi l l ingness  t o  supply the  th inner  tape  a p p r o p r i a t e l y  s l i t  and 
packaged. Taken toge ther ,  these  two improvements should alone eventually yield 
a 3 - fo ld  i n c r e a s e  i n  volume d e n s i t y .  The p lanned  d e n s i t y  upgrade  would 
automatical ly  accept such improvements but i s  not dependent on them. 

Order of magnitude increases  i n  volume dens i ty ,  however, can come only from 
t h e  t h i r d  approach, d r a s t i c  reduct ion of trackwidth and spacing. This is because 
the  signal-to-noise r a t i o  of a tape-noise-limited magnetic recording var ies  only 
as t h e  square roo t  of the  trackwidth. Thus every 3 db of excess SNR above that 
requi red  i n  p r a c t i c e  t o  maintain an acceptably small e r r o r  rate is expended most 
e f f i c i e n t l y  by halving trackwidth,  hence doubling dens i ty .  

Numerous tests have been c a r r i e d  out t o  e s t a b l i s h  t h a t  certain modern tapes 
such as F u j i  II621, Sony V16, 315198, and Ampex 721 can g u a r a n t e e  an  SIR more 
than 12 db higher than t h a t  which can only now be maintained as an a c c e p t a b l e  
worst case wi th  instrumentat ion tape. The new tapes  are rep lac ing  conventional 
instrumentat ion tape  l i k e  Ampex 795 and 3M892 i n  the  Mark I11 system. 

We p l a n  t h e r e f o r e  t o  exchange t h i s  12 db of e x c e s s  SNR f o r  a 16-fold 
Since our present  ( f ixed )  heads are 640 micromete r s  reduct ion i n  trackwidth. 

wide, t he  trackwidth of new heads w i l l  be 40 micrometers. 

We plan t o  use headstacks organized l i k e  the  present  (fixed) oms. A stack 
i s  an array of heads uniformly spaced along a s i n g l e  (gap) l i n e  so as  t o  span  
( s l i g h t l y  l e s s  t h a n )  t h e  f u l l  one i n c h  width of tape.  The simplest  system 
r e s u l t s  i f  a l l  28 channels are c a r r i e d  i n  a s i n g l e  stack. We prefer i n  addition 
t o  have a t  each  end of a s t a c k  a n  e x t r a  head used t o  monitor head-to-track 
r e g i s t r a t i o n  near both edges of the  tape ;  the  case i s  thereby an t ic ipa ted  where 
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normal guard bands between adjacent  t r acks  on tape are allowed t o  s h r i n k  t o  a 
small f r a c t i o n  of trackwidth. Thus a s i n g l e  s tack  of a t  least 30 o r  a p a i r  of 
16-head s tacks  is' des i rab le .  Spec i f i ca l ly ,  because it f i t s  these  needs nicely, 
we mow a d v o c a t e  a d o p t i n g  t h e  I R I G  PCM-format head p i t c h  of 762 micrometers 
(.030") as a standard f o r  Mark I11 A, which should be maintained by any f u t u r e  
replacement s tacks  f ea tu r ing  f u r t h e r  reduced trackwidth and g r e a t e r  accuracy of 
head placement wi th in  the  stack. 

We plan t o  provide an e l e c t r i c a l  headstack interface,  similar to  our present 
separa te  read and write head in t e r f aces ,  which under e l e c t r o n i c  c o n t r o l  w i l l  
permit reading o r  wr i t i ng  with the  same stack. One 30-head single-stack assembly 
in te r faced  i n  t h i s  way w i l l  then support the  e n t i r e  Mark I11 system. A pair of 
i d e n t i c a l ,  independent  a s s e m b l i e s  would p r o v i d e  n o t  only highly d e s i r a b l e  
redundancy f o r  t h i s  c r i t i c a l  subsystem, but a l s o  ( p r o b a b l y )  a b i d i r e c t i o n a l  
read-while-write capab i l i t y ,  and c e r t a i n l y  the  opt ion  t o  double the  number of 
channels simultaneously ava i l ab le  (doubling the  maximum system bandwidth) 

We expect t o  be ab le  t o  rep lace  any of the  present fou r  f ixed  h e a d s t a c k s  
by such a new assembly o r  "headblock". This headblock w i l l  house not only the  
narrow-track headstack, but also pos i t i on  ac tua tor  , pos i t i on  sensor, temperature 
sensor,  b a l l a s t  r e s i s t o r ,  and in t imate  head i n t e r f a c e  e l ec t ron ic s .  

The required pos i t ioner  must be capable of t r a n s l a t i n  . t h e  block a t  least 
one head s p a c i n g ,  s p e c i f i c a l l y  762 micrometers ( ,030" ! in the cross-tape 
d i r e c t i o n  so t h a t  t h e  w i d e  space between narrow heads  can be accessed io 
trackwidth-plus-guardband increments and the  tape f u l l y  r e c o r d e d  i n  mu1 t i p l e  
passes. The pos i t ioner  i s  admittedly a complication of t he  recorder.  It pales 
however by comparison t o  the  complications introduced by other conceivable means 
of a c h i e v i n g  t h e  same r e q u i r e d  combina t ion  of bandwidth and dens i ty  i n  a 
longi tudina l  machine. Assuming an ( i n i t i a l )  12-pass format , an equivalent fixed 
head-per - t rack  sys tem would f o r  example requi re  336 heads t o  be supported. 
S u f f i c i e n t l y  dense packaging of heads f o r  such a system is, among other things, 
beyond state-of-the-art .  

An equivalent  t o  the  upgraded 28-channel longi tudina l  recorder  would be a 
"black box" Only 
w i t h  28 VCR's i s  the  comparison f a i r ,  s ince ,  with equ iva len t  t a p e  and heads ,  
channel bandwidth l i m i t a t i o n s  a r e  the  8ame f o r  both kinds of machine. The bank 
of VCRs would be no more expensive than a s ing le  properly out f i t t ed  longitudinal 
machine, and t o  make it opera t iona l  f o r  VLBI would probably r equ i r e  t h e  l ea s t  
engineering e f f o r t  (none i n  the  c r i t i c a l  and spec ia l ized  area of the  head/tape 
in t e r f ace ) .  The drawbacks of t h i s  approach a re  pe rhaps  l a r g e l y  a m a t t e r  of 
taste, e spec ia l ly  i f  only short-term b e n e f i t s  a r e  c o n s i d e r e d .  A bank of 28 
VCR's i s  awkwardly large.  Any s t ra ightforward p a r a l l e l  growth of t h e  s y s t e m  
f o r  increased bandwidth r e s u l t s  necessar i ly  in  a proportional increase i n  hardware 
and hence i n  physical  s ize .  Not so f o r  the  longi tudina l  machine which would 
not grow even i f  i t  were o u t f i t t e d  with four  blocks of 28 channels. The number 
of c a s s e t t e s  t o  be handled, too, would be a t  least an order  of magnitude larger 
i n  a multi-VCR system than the  number of reels i n  t h e  m u l t i c h a n n e l  r e c o r d e r  
system ( s ince  the  ta  e a rea  of the  standard 92OO'xl" reel is 22 t imes  t h a t  of 
a VHS T-1~0 c a s s e t t e  P . 

cons i s t ing  of a bank of 28 VCR's each supporting one chanuel. 

The dec is ion  i n  1980 t o  stay with the  longi tudina l  multichannel approach  
was based on the  fol lowing judgments: 1) Prov id ing  a s u f f i c i e n t l y  a c c u r a t e  
pos i t ioner  (ac tua tor  & sensor)  was considered a s t ra ightforward task, especially 
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s ince  no a c t i v e  t racking  servo was required.  2 )  C r i t i c a l  aspec ts  of VCR head 
a s  w e l l  as  t a p e  t echno logy  cou ld  s imply  be t r ans fe r r ed  t o  the  multichannel 
recorder.  3) The longi tudina l  Honeywell 96-based system would remain much mre 
n a t u r a l l y  open t o  a t  l ea s t  a n o t h e r  o r d e r  of magnitude improvement i n  both 
bandwidth and dens i ty  i n  the  not-too-distant fu ture .  

A s  has a l ready been discussed our e f f o r t s  t o  d a t e  leave  no doubt t h a t  the  
t h i r d  judgment (above) was cor rec t .  

The f i r s t  judgment, too,  has been confirmed. From among s e v e r a l  d e v i c e s  
t h a t  could i n  p r i n c i p l e  s a t i s f y  reasonable spec i f i ca t ions  f o r  a pos i t i one r ,  we 
have s e l e c t e d  t h e  p i e z o e l e c t r i c  "Inchworm" as ac tua to r  and an LVDT ( l i n e a r  
v a r i a b l e  d i f f e r e n t i a l  t ransf  ormer as sensor . 

The second judgment, t h a t  VCR head and t a p e  t echno logy  c o u l d  e a s i l e  be 
t r a n s f e r r e d  t o  the  longi tudina l  machine, was opt imist ic ,  huwever. Every critical 
aspec t  of f e a s i b i l i t y  has now been demonstrated, but a f u l l  prototype i s  s t i l l  
incomplete. This is because though one prime requirement (VHS-equivalent 
performance) was m e t  by Matsushita's ea r ly  ro to type  headstacks,  and the  o ther  
one (+ 3 micrometer head placement accuracy P w a s  m e t  by l a t e r  p r o t o t y p e s ,  no 
headstack has yet  been received t h a t  meets both. 

PROGRESS AND PERFORMANCE BUDGET 

Aspects of f e a s i b i l i t y  which have now been demonstrated include: 

1 )  2 0.25 micrometer t racking  consistency Honeywell 96, 

2)  "Inchworm" p lus  LVDT pos i t ioner  wi th  submicrometer accuracy , 
3) Several sources of suitably high-output , cons is ten t  , low-abraeivity 
tape  capable of maintaining and/or r e s t o r i n g  head performance, 

4) Method of contouring heads t o  maintain high-speed perf omance, 

5 )  Prototype headstacks with a l l  head edges accurately located within - + 3 micrometers, 

6 )  60db bandedge SNR (2MHz a t  '120ip8, 3KHz s l o t )  from 50 micrometer 
wide heads and Fuji  H621 tape, about 3db higher than can be maintained 
on 640 micrometer wide f e r r i t e  heads and average  i n s t r u m e n t a t i o n  
tape.  

The expectat ion of a t  least 59db average bandedge SNIP (see T a b l e  2 )  i s  
obtained by dera t ing  t h a t  obtained with 50 micrometer wide heads  one ab.  The 
bandedge SNR i s  intended t o  be a measure of i n t r i n s i c  head performance and i s  
the re fo re  obtained by using the  same head t o  write and read a r e f e r e n c e  t a p e .  
The 73 t o  75  db SNR o f t e n  o b t a i n e d  f o r  a l l  640 micrometer wide heads i n  a 
Honeywell f e r r i t e  headstack suggests t h a t  40 micrometer wide heads could average 
61 t o  63 db, perhaps 3 db b e t t e r  than our minimum expectat ion.  

We budget f o r  2 ldb v a r i a t i o n s  i n  the  i n t r i n s i c  1.5 micrometer wavelength 
response of s u i t a b l e  new tape.  F u j i  H621 became our standard of reference when 
we found it had tape-to-tape v a r i a t i o n s  of only 2 0.5 db. The implicit reference 
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TABLE 2: EXPECTED HEADITAPE PERFORMANCE (40 MICROMETER TRACKWIDTB) 

MINIMUM AVERAGE BANDEDGE SNR (2  MHz, 120 ips ,  3 KIlz s l o t )  

TAPE VARIATIONS (FUJI H621 REFERENCE) 

HEAD VARIATIONS 

TEMPORARY DEGRADATION 

PERMANENT DEGRADATION 

INTRINSIC WORST CASE SNR: 

INTERCHANGE LOSS 

HEAD EDGE LOCATION TOLERANCE 2 3 micrometers 
( impl ies  6 micrometers 0 15% maximum l o s s )  

ENVIRONMENTAL TAPE WIDTH CHANGE 
AT 0 6 C (im l ies 2 micrometers or 5% maximum l o s s )  
AH 
MAX. TOTAL INTERCHANGE LOSSES 

30% RH P implies 4 micrometers 10% maximum l o s s )  

TOTAL WORST CASE SNR: 

SHOULD GUARANTEE BER 

59 db 

- + 1  

- + 1  

< 1  

0 - 
56 db 

-1.5 db 

-0.5 
-1 -0 

-3 db 

53 db 

- 

< 

t o  tne F u j i  "center l ine"  i n  our performance budget makes i t  a l i t t l e  optimistic 
s i n c e ,  f o r  example,  3M5198 a v e r a g e  r e s p o n s e  i s  abou t  one db lower. Note 
p a r t i c u l a r l y  that the  consistency of tape  response requi red  i s  f a r  b e t t e r  than 
t h a t  obtained with conventional instrumentat ion tape,  f o r  which a +3 t o  -8 db 
spread, about a 9 db i n f e r i o r  cen te r l ine ,  is n?t uncommon. Such variations w e r e  
not expected when Mark I11 f i r s t  became opera t iona l ;  we have now decommissioned 
more than 35% of our instrumentat ion tapes  f o r  f a i l u r e  to  meet our o r i g i n a l  -2 
db worst case expectation. 

In addi t ion ,  new tapes  l i k e  F u j i  8621 and Sony Vl6 c a u s e  no measurab le  
degradation', un l ike  instrumentat ion tapes ,  which have been found t o  rapidly and 
s e v e r e l y  deerade ( f e r r i t e )  head performance.  In o u r  e x p e r i e n c e ,  i f  t e n  
instrumentat ion tapes  are run once each over f r e s h  heads, a 6 db degradation of 
i n i t i a l  (optimum) bandedge response t y p i c a l l y  r e s u l t s .  

We have found t h a t  Sony V16 is  too abras ive  f o r  full-time use in our system, 
but that it a c t s  t o  r e s t o r e  degraded performance. If used on a ten percent basis, 
i t  limits the  s l i g h t  and very gradual degradation caused by 3M5198 t o  one db. 

On t he  o ther  hand, w e  can p ro jec t  an extremely long 12,000 hour head l i f e  
with F u j i  H621 tape  under extremely (g rea t e r  t h a n  70 p e r c e n t )  h i g h  humidi ty  
conditions.  The abras iv i ty  of 3M5198 appears t o  be a t  least equally low. 

To m a i n t a i n  i n i t i a l  optimum per formance  f o r  t h e  l i f e  of a head it  i s  
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necessary t o  optimize and s t a b i l i z e  the  tape-to-head pressure,  hence geometry 
ae wel l  as the  sur face  condi t ion of t he  headltape in te r face .  We have developed 
a "stepped" head contour which does t h i s  successful ly .  A p a i r  of shallow steps 
cut  150 micrometers equid is tan t  from and p a r a l l e l  t o  the  gap  l i n e  l i m i t s  t h e  
area of headltape contact  and discourages an a i r  bearing f r m  forming. The radi.3 

,of the  sharply def ined contact  area quickly s t a b i l i z e s .  As a r e s u l t  we can now 
g u a r a n t e e  t h a t  i n i t i a l  performance a t  h igh  (120 t o  360 i p s )  epeedo w i l l  be 
maintained, even with the  smoothest "ready-to-fly" tapes  l i k e  3M5198. 

The stepped head contour has a major s i d e  benef i t .  It c leans  e v m  tbe best 
of t h e  new tapes.  This i s  evidenced by a typ ica l  10-fold reduct ion i u  error and 
b i t - s l i p  rates a f t e r  a s i n g l e  pass. 

The s t e p p e d  head con tour  has been f i e l d e d  i n  t h e  present  syotem a8 a 
modif icat ion of e x i s t i n g  Honeywell heads. Only w i t h  t h i s  m o d i f i c a t i o n  h a s  i t  
been poss ib le  t o  limit the  degradation caused by instrumentat ion tape,  so as t o  
maintain a -4 t o  =Q db degraded "operating point" and, i n  s p i t e  of t h a t ,  error 
rates of about 10 . 

The f i g u r e  f o r  i n t r i n s i c  worst case SNR t a k e s  i n t o  accoun t  a l l  f a c t o r s  
except l o s s e s  due t o  head/track mieregis t ra t ion .  Assuming pas t  experience with 
wider t r acks  and instrumentgbion tag? y ie ld ing  the  same 56 db bandedge SNB is 
r e l evan t ,  e r r o r  rates of 10 t o  10 are expected. 

Error rates of about loB6 have i n  fac t  been obtained w i t h  50 m i c r o m e t e r  
wide  heads  and F u j i  t a p e  u s i n g  t h e  p r e s e n t  head i n t e r f a c e  e l e c t r o n i c s  with 
quickly-made (probably not optimum) ga in  and equal izer  modif i c a t  ione, 

Head/track mis reg i s t r a t ion  lo s ses  must also be taken i n t o  account. Narrow 
40 micrometer wide t r acks  and the  requirement on machine i n t e r c h a n g e  t o  r e a d  
simultaneously a l l  simultaneously wr i t t en  t r acks  lead t o  the  new and o t r ingent  
head edge loca t ion  to le rance  of f 3 micrometers f o r  a l l  heads i n  a stack. This 
to le rance  permits a 1.5 db l o s s  of s igna l  corresponding t o  minimum h e o d / t r a c k  
over lap  of 34 micrometers. 

Not t o  be overlooked i s  the  f a c t  t h a t  t ape  width depend5 on t e m p e r a t u r e  
and humidity. The r e spec t ive  expansion c o e f f i c i e n t s  are such t h a t  a change of 
6 degrees Centigrade moves the  edge of an inch-wide t a p e  2 micromete r s  w i t h  
r e spec t  t o  i t s  center  and t h a t  a 30 percent change i n  r e l a t i v e  humidity moves 
it: 4 micrometers. A worst case combination r e s u l t s  i n  an add i t iona l  1.5 db loss  
f o r  edge t racks .  No extraordinary environmental con t ro l s  are needed t o  keep room 
temperature between 20 and 26 degrees Cels ius  and r e l a t i v e  humidity between 25 
and 55 percent.  

Note, we m e t  also take care to  keep s tab le  the  temperature of each headstack 
so that  i t s  thermal expansion does not a l s o  cont r ibu te  t o  misreg is t ra t ion  Loss. 
When, f u r t h e r  i n  t h e  f u t u r e ,  i t  becomes poss ib le  t o  ob ta in  headstocks with 
s u b s t a n t i a l l y  improved head edge loca t  ion  tolerance,  narrower heads acd smaller 
guard bands (continued evolut ionary dens i ty  improvement) w i l l  be des i rab le .  It 
shou ld  n o t  be  d i f f i c u l t  t o  suppor t  f u r t h e r  improvement and compensate f o r  
environmental i n s t a b i l i t y  by con t ro l l i ng  head temperature and/or t a p e  t e n s i o n  
(vacuum). The e f f e c t i v e  ga in  of the  l a t t e r  can be increased by placing grooves 
between heads. 
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In  Ju ly  1980 we l e t  a cont rac t  t o  Matsushita t o  develop the  nar row- t rack  
h e a d s t a c k  t o  "p roduc t ion  r e a d i n e s s "  i n ,  we were l e d  t o  expect,  two months. 
P a r t i a l  p ro to t  pe s tacks  which met (only) performa7Fe expectations were delivered 
i n  January 1981, a f t e r  which improperly contoured samples"  s e n t  e a r l i e r  i n  
October 1980 were modified and a l s o  found t o  perform comparably well. The par t ia l s  
of Jan 81 and samples of Oct 80 f a i l e d  t o  meet t he  bas i c  head placement accuracy 
s p e c i f i c a t i o n  by an order  of magnitude. 

A t h i r d  generat ion of p a r t i a l  prototype s tacks ,  d e l i v e r e d  i n  J u n e  1981, 
met t h a t  requirement, but only a t  the  expense of a d e q u a t e  az imuth  accu racy .  
Performance was 14db o r  more below expectation. 

In  January 1982 four  f u l l  32-head s tacks  were de l ivered  which, except f o r  
systematic p i t c h  e r r o r s  la ter  brought under c o n t r o l ,  met t h e  head placement  
accuracy spec i f i ca t ion .  These last  prototypes under our o r i g i n a l  con t r ac t  a l s o  
represented a switch from su er-accurate d i s c r e t e  .head-tip assembly methods t o  
an easy-to-manuf ac tu re  "comb I headstack construct ion.  P 

We had expressed a preference f o r  the  l a t t e r  approach  from t h e  o u t s e t .  
From our point  of view, the  headstack required could most eas i ly  be o b t a i n e d  
with t h e  least technological  r i s k  by using 1 )  a mass-produced VHS "gapped bar" 
t o  ob ta in  both the  i n t r i n s i c  cons is ten t  performance of t h e  VHS head and t h e  
suff i c i e n t l y  accura te  head pat t e r n  which spec ia l ized  production grinding machines 
can put i n t o  such a bar ,  and 2) a simple "comb" c o n s t r u c t i o n  similar t o  t h a t  
employed by Honeywell t o  a d a p t  such  a " p a t t e r n e d "  bar by making i t  i n t o  a 
"tip-plate",  which, when bonded t o  a base containing an appropr i a t e ly  matched 
ar ray  of wound "back cores" ( f luxor s ) ,  becomes the  completed stack. 

Unfortunately, the  Jan 82 as wel l  as the  Jun 81 p r o t o t y p e s  e x h i b i t  v e r y  
poor performance. One d i f f e rence  between the  we l l -pe r fo rming  e a r l y  and t h e  
l a t e r  prototypes s tands out:  Only the  ea r ly  prototy es used production VHS head 
t i p s ,  w h i l e  t h e  1-ater ones  appea r  t o  be a thus P ar unsuccessful attempt t o  
re invent I' t h a t  techno logy** . I 1  

CONCLUSION 

The groundwork f o r  Mark I11 A has been ca re fu l ly  l a id .  A l l  known aspec ts  
Solut ions have been found t o  the subtle of f e a s i b i l i t y  have been demonstrated. 

**Note added i n  proof: Matsushita concluded i n  May 82 t h a t  the  performance 
problem was due t o  the  use of improperly o r i en ted  s i n g l e  c r y s t a l  f e r r i t e  
i n  the  l a t e r  prototypes.  A voluntary cont inuat ion of M a t s u s h i t a  e f f o r t  
(not under con t r ac t )  has l ed  t o  another f i f t h  generat ion of prototype, and 
ye t  a s i x t h  i s  expected shor t ly .  The f i f t h  prototypes,  ob ta ined  i n  J u l y  
82, were once again made from hot pressed f e r r i t e  l i k e  the  early ones, but 
worked no b e t t e r  than the  t h i r d  o r  f o u r t h ,  t h e r e b y  p r o v i n g  t h a t  s i n g l e  
c r y s t a l  o r i e n t a t i o n  is not the  (main) problem. The solution to  the problem, 
it seems, l i e s  i n  d i r e c t  use of the  VHS gapped bar o r  i n  an exactly copied 
process a t  KME (Kyushu Matsushita E l e c t r i c ,  t he  d i v i s i o n  r e s p o n s i b l e  f o r  
t he  narrow-track headstack development but not ,  unfortunately, for  WS head 
production).  A l t e rna t ive ly ,  by making use of t he  highly evolved gr inding 
techniques used t o  pa t t e rn  gap bars  we may now be a b l e  t o  accura te ly  t r i m  
even used Honeywell headstacks t o  our new requirements. 
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but extremely important problems of consistency and maintenance of h e a d / t a p e  
channel performance. These so lu t ions  have' been appl ied t o  the  present  system, 
and hence v e r i f i e d  by opera t iona l  use as well as by ex tens ive  laboratory tests. 

The delay caused by our subcontractor's i n a b i l i t y ,  f o r  more than one year 
now, t o  reproduce the  exce l len t  performance of early prototypes is a r ea l  concern. 
But t he  remaining quest ion about Mark I11 A is  "When?", not Whether?''. We llow 
hope t o  demonstrate a complete prototype i n  January 1983, and expect systenrwide 
implementation e f f o r t s  t o  begin i n  the  middle of t h a t  year. 
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TEE MARK I11 COBRELATOR: DESIGN, OPERATION AND PRODUCTIVITY 

bY 

Alan 8. Whitney 
NEROC Eaystack Observatory 

Westford, Massachusetts 01886 U.S.A. 

ABSTRACT 
The Mark I11 c o r r e l a t o r  was developed i n  support  of t he  NASA Crustal Dpnamics 

Program t o  p r o c e s s  Mark I11 VLBI d a t a  g a t h e r e d  by t h e  p r o j e c t  and has been 
opera t iona l  s ince  1979. 

The processor design i s  based on a straight-forward, b u t  h i g h l y  f l e x i b l e ,  
modular concept u t i l i z i n g  one module per base l ine  track-pair .  The current system 
of 90 modules can simultaneously process 3 s t a t i o n s  of 28 tracks each or 4 stations 
of 14 t r acks  each. Simple dupl ica t ion  of existing hardware can expand the processor 
t o  a capaci ty  of 8 s t a t i o n s  of 28 t r acks  each. The system is supported by lw-cost 
EP-1000 minicomputer(8) coupled wi th  an a r r ay  processor t o  a i d  i n  fringe searching 
operat  ions. 

Since achieving opera t iona l  s t a t u s ,  the  Mark I11 c o r r e l a t o r  has processed i n  
excess of 100 separate experiments encompassing Over 150,000 indiv idua l  observat ions,  
supporting both astronomy and geodesy programs. Expansion of e x i s t i n g  f a c i l i t i e s  
i s  contemplated i n  the  near fu ture .  

INTRODUCTION 
This paper briefly describes the Mark I11 c o r r e l a t o r  system cu r ren t ly  i n s t a l l e d  

a t  Eaystack Observatory. The design of the  hardware and software, and the current 
opera t iona l  status w i l l  be discussed. 

The development of t he  c o r r e l a t o r  system was funded by NASA i n  s u p p o r t  of 
t he  NASA Crus ta l  Dynamics Pro jec t ,  but i t s  design i s  such  t h a t  many astronomy 
appl ica t ions ,  including s p e c t r a l  l i n e  and pulsar  observat ions are a l s o  supported. 
The c o r r e l a t o r  is now i n  f u l l  operat ion a t  Eaystack, and expansion is  being pl-d 
i n  the  near fu ture .  

PROCESSOR HARDWARE 

Design Philosophy 
The Mark I11 rocessor  design i s  based on a straight-forward modular concept 

t o  process one base l ine  of 28 t racks.  Each module i s  a comple t e ly  autonomous 
un i t ,  but a l l  are controlled by a common compute r .  The module performs the functions 
of decoding the  two da ta  streams (one from each s t a t i o n  forming  t h e  b a s e l i n e ) ,  
buf fer ing  and co r rec t ly  a l ign ing  the  da ta  streams t o  remove the effects  of recorder 
j i t t e r  before  r o t a t i n g  and cross -cor re la t ing  t h e  da ta  streams. 

Hardware System Overview 
Figure 1 shows a s impl i f ied  block diagram of the  p rocesso r  module and i t s  

i n t e r f a c e s  t o  the  tape recorders  and computer. The s i g n a l s  f rom t h e  r ep roduce  
heads are amplified,  equalized and passed t o  "b i t  synchronizers" ,  t h e  d a t a  and 
the  data clocks. Decoders b u i l t  i n t o  the  processor module detect the synchronization 
b i t s  i n  the  serial format and separa te  the  r ad io  source da t a  from the t k ,  paFity 
and a u x i l i a r y  data.  One of the  r ad io  source da ta  streams i s  buffered by a f ixed  
delay and thenmultiplied by 3-level approximations of t h e  s ine  and cosine funct ions,  
while the  o ther  da ta  stream i s  buffered by a programmable d e l a y  b e f o r e  t h e  two 
da ta  streams are cross-correlated.  The cross-correlator  has 8 la 8 per uadrature 
channel and has  23-bit accumulators BO t h a t  up t o  2 seconds (at t % d  e 4 it r a t e )  

u t i l i z i n g  one modu P e per base l ine  per track-pair .  Thus, 28 modules are r e q u i r e d  
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of data can be accumulated before the computer must retrieve the correlation output 
from the module. 

Normally each processor module i e  allowed to accumulate at least one second 
of data befo re  being 8erviced.  Wore r a p i d  s e r v i c e  can take place and may be 
desirable  f o r  special  processing. 

1 ------ ---.-- r 
I 
I 

COMPLEX 

CROSS CORREUTOR 
TAPE 

DRIVE I 
I -E% I 

i 

TAPE 
DRIVE 

Figure 1. Simplified Block Diagram of Mark I11 VLBI Processor 
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The information from the module i s  transmitted through a CAMAC c o n t r o l l e r  
and branch dr iver  t o  the control l ing computer. The "tape t i m e "  information i n  
t h i s  data i s  used by the computer t o  control the speed of the tape drives 80 that 
they a r e  kept  mechanical ly  synchronized t o  within the limits of the in te rna l  
buffers  of the correlator  module. Typically, tape synchronization i s  maintained 
t o  within a few hundred b i t s  on the tape, corresponding t o  C 0 . h  of physical tape 

'posit ion.  

Computer-to-Correlator Interface 

The CAMAC (Computer Automated Measurement and Control - an IEEE s t anda rd )  
in te r face  couples the modules t o  an HP-1000 computer. The CAMAC system, with i ts  
associated branch dr ivers  and c ra t e  control lers ,  allows the computer t o  addres s  
and communicate with up t o  105 modules per branch dr iver ,  although only 90 modules 
are normally ins ta l led  i n  our system. 

Recorder Interface 
The connection of the  recorders t o  the processor modules i s  i l l u s t r a t e d  i n  

Figure 2. The processor modules have in te rna l  &way input  s e l e c t o r s  so t h a t  a 
given processor module can process any baseline. The system is  expandable. t o  8 
recordera and 28 baselines. 
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Figure 2. Recorder-to-Processor Interface 

Cor r el at or Module Char act er i s t ics 
Figure 3 shows a somewhat more detailed block diagram of a correlator module, 

while Table 1 lists the basic module characteristics. 
The interface to the recorded data is very simple, consisting only of the 

data and clock signals from each of the two data streams to be cross-correlated. 
The X-clock signal is used as a basic clock within the correlator module, eo that 
normal processing will take place regardless of the data rate from the tape 
recorders; in other words, no control signals indicating data rate to the module 
are necessary. The reproduce circuitry within the tape recorders is designed in 
such a manner that the clock signals will always "flywheel" even in the absence 
of data, so that processing will continue normally even through deep data dropouts. 

The cross-correlator section of the module perf o m s  processing for 8 complex 
lags during normal processing or 16 real lags for auto-correlation processing. 
The accumulation registers are 23 bits wide, allowing the accumulation of slightly 
more than 2 seconds of data at the 4 Mbit/sec sample rate. 

Fringe rotation is accomplished through the use of a 24-bit phase register, 
thus achieving 0.4 microradian resolution. A 3-level rotation scheme is used to 
optimize the signal-to-noise ratio of the processed data. The phase-rate-reeolution 
of the rotator is selectable in powers of two under software control and is normally 
set to be 14.9 mIIz at the 4 Mbit/sec sample rate. The selection of rotator 
phase-rate resolution must be traded against the maximum fringe-rate that can be 
processed; selecting the resolution to be 14.9 mHz for the 4 Mbit/sec sample rate 
limits the maximum rotation speed to approximately 250 kBz. Higher fringe rates 
may be processed by decreasing the phase-rate resolution at the possible expense 
of shortening the basic correlator integration period due to degraded phase-tracking 
of the rotator. Also included in the fringe-rotator section of the correlator 
module is a simple phase-acceleration compensatjon mechanism which is desiped to 
be sufficient to compensate for any expected frmge-phase acceleration during the 
normal cotrelator integration period. 
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0- 1-~-...1--...1---.~...~--...----.....----.-..--.-.--------~-a~-~.-~,. 

Module 1/0 - X data  & clock - Y data  & clock - CAMAC dataway t o  from computer 

- 8 complex l ags  - 23-bit accumulation r e g i s t e r s  ('2 secs @ 4 Mbits/sec) 

- 24-bit phase r e g i s t e r  (0.4 microradian quant iza t ion)  - 14.9 m i l l i H z  phase rate quantization (@ 4 Mbits/sec) - Phase acceleration cotmensation 

Correlator 

Rot a t  o r  

Y-data buffer - 4000 b i t s  (1 m i l l i s e c  @ 4 Mbit/sec) 
In t eg ra t ion  Period 

Phase c a l i b r a t i o n  
Software ad jus tab le  from 5 m i l l i s e c  t o  2 sec (@ 4 Mbits/sec) 

- 2 1-channel (complex) c o r r e l a t o r s  
-0-0 1...-----.----~-~-.---..---~..----=.----.-~~-.-.~---..---a~~..~ 

Table 1 - Mark I11 Correlator Module Charac t e r i s t i c s  

The module i s  c a p a b l e  of a u t o m a t i c  " f r a c t i o n a l  b i t "  cor rec t ion  using an 
approximation which causes only 3% l o s s  i n  signal-to-noise r a t i o  and e l i m i n a t e s  
most phase noise caused by uncorrected b i t  sh i f t  changes i n  the continuum processing 
mode . 

A 4000-bit  a d d r e s s a b l e  b u f f e r  i s  p rov ided  i n  the  path of t he  Y-data and 
Y-clock signal etreams BO that the-X +nd P tape drivFe Feed be s nchronized only 

Synchronization of t he  tape d r ives  t o  t h i s  l e v e l  is  a r e l a t i v e l y  easy task. 
The bas i c  in t eg ra t ion  period of t he  co r re l a to r  module is software-controllable 

from 1 frame t o  512 frames, o r  equivalently,  from 5 msec t o  2.56 seconds (tape-time) 
a t  4 Mbit/sec sample rate. For most normal geodetic processing, an i n t e g r a t i o n  
period of 1-2 seconds i s  used. This provides a search range of 1.0 t o  0.5 Be, 
respec t ive ly ,  which i s  q u i t e  adequate f o r  a l l  normal processing. Since the comprter 
must se rv ice  the  co r re l a to r  module once each in t eg ra t ion  period, the  load on the  
host computer v a r i e s  approximat.ely inversely as the  in t eg ra t ion  period. As t h e  
in t eg ra t ion  period shortens, a point i s  reached where the  number of modules t h a t  
may be operating simultaneously must be reduced o r  tape-playback speed reduced i n  
order that  t he  computer may keep up. 

Not indicated i n  Table 1 is  the  a v a i l a b i l i t y  of a "pulsar" processing mode, 
which may be used f o r  spec ia l  applications.  In t h i s  mode, a start  b i t  nannber and 
s top  b i t  number may be spec i f ied  wi th in  an in t eg ra t ion  period so t h a t  only those 
b i t s  w i th in  t h e  s t a r t - s top  window are processed. This mode is primarily designed 
f o r  processing of pu lsar  data,  but may be used t o  process any pulse-type da ta  o r  
f o r  o ther  special-purpose processing. 

Phase-calibration processing i s  a l s o  provided wi th in  the  c o r r e l a t o r  module. 
Separate processors are used f o r  t he  X and Y data  streams, although the  frequency 
of t he  phase-calibration r a i l  must be the  same f o r  both X and Y. A much-simplified 
r o t a t i o n  scheme i s  used f o r  phase-cal processing compared t o  the rotator described 
above. Rotator phase-rates are constrained t o  be such tha t  the phase-cal s igna l  
must conta in  an i n t e g r a l  number of sample b i t s  per quarter-phase-cal-period. This 
condition i s  met with the  phase-cal s igna l s  t ha t  are normally used. Also ,  on ly  
a 2-level r o t a t i o n  scheme 1s used, s ince  signal-to-noise of t h e  phase-calibration 
s igna l  i s  not normally of concern. By imposing these  conditions and r e s t r a i n t s ,  
t he  c i r c u i t r y  used f o r  phase-cal processing i s  considerably s impl i f ied  compared 
t o  t h a t  of t he  main lobe r o t a t o r  and cross-correlator. 

In t e rna l  t e s t i n g  of t he  co r re l a to r  module i s  poss ib le  through the  use o f - a n  
on-board quasi-random s igna l  generator . Partial  t e s t i n g  i s  possible off-line wlth 

so well a s  t o  maintain t h e  a p r i o r i  b i t  d e l a y  w i t h i n  t h i s  B 000-bit window. 
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no computer s e rv i c ing  neceseary. Complete testing using the internal test generator 
i s  poss ib l e  when a host  computer i s  ava i lab le .  

The c i r c u i t  d e s i g n  of t h e  Mark 111 c o r r e l a t o r  module r ep resen t s  a con- 
servative approach i n  t h a t  no custom LSI was undertaken. The majori ty  of the 340 
i n t eg ra t ed  circuits used are low-power Schottky TTL types,  with the  balance being 
NMOS RAM'S, TTL RAM'e Power 
consumption i s  about $6 watts per module. 

and severa l  PROM'S used as sequence c o n t r o l l e r s .  
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Figure 3. Mark I11 Processor Module Block Diagram 

Signal  Flow Through Corre la tor  Module 

Figure 3 shows a block diagram of the  the  Mark I11 c o r r e l a t o r  module. Both 
X and Y data  streams are f i r s t  decoded by t h e i r  r e spec t ive  DECODER'S. The X and 
Y da te  streams may be independently se l ec t ed  from any one of 8 da ta  stream which 
may be applied t o  the module (not shown i n  Fig. 3).  The decoder has the  r e s p o n s i b i l i t y  
of synchronizing i tself  t o  the  da ta  stream (by use of t he  sync words embedded i n  
the  da ta  streams), ex t r ac t ing  the  t i m e  and auxi l iary-data  f i e l d s ,  check ing  t h e  
time/aux-data f i e l d  f o r  e r r o r s  (using the  embedded 12-bit CRCC check cha rac t e r ) ,  
s t r i pp ing  p a r i t y  b i t s  and counting p a r i t y  e r r o r s .  The decoded X-data i s  t h e n  
passed t o  t h e  X W E - C A L  DETECTOR and the  X-DATA ROTATION-BLANKING. Rotation is 
cont ro l led  by the  FRINGE RATE GENERATOR, which g e n e r a t e s  a 3 - l e v e l  q u a d r a t u r e  
r o t a t i o n  s igna l  according t o  the  parameters received from the  host  computer. The 
quadrature-rotat ion s igna l s  from the  rate gene ra to r  are  p r o c e s s e d  by t h e  MODE 
SELECTOR before a c t u a l l y  being appl ied  t o  the  X-data. The mode selector may apply 
an add i t iona l  +/-go% dee/ree phaFe-shif t - in  conjunction wi th  a FhiXt i n  t h e  8- 
b i t  delay t o  accomplish automatic f rac t iona l -b i t -e r ror  co r rec t ion  - more w i l  1 
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be sa id  about t h i s  later. After ro t a t ion ,  t he  X-data stream i s  a p p l i e d  t o  t h e  
COBRELATOR f o r  cross-correlation with Y-data; 

After emerging from the  Y-decoder, t he  Y-data stream and accompanying f l a g s  
a re  r o u t e d  t o  a BUFFER MEMORY c a p a b l e  of s to r ing  4000 b i t s  of data.  Data is  
removed from t h i s  buf fer  memory according t o  a BIT OFFSET COUNTER which has been 
set according t o  t he  a pr io r i  parameters received from the  host computer, so that 
t h e  proper Y-data b i t e  are made ava i l ab le  t o  the  cor re la tor .  The output from the 
b u f f e r  memory i s  a p p l i e d  d i r e c t l y  t o  t h e  Y-PHASE-CAL DETECTOR for phase-cal 
processing, and t o  a 0-15 BIT PROGRAMMABLE DELAY preceding actual correlation with 
the  ro t a t ed  X-data. This programmable delay i s  used t o  s h i f t  t h e  Y-data stream 
one-bit a t  a time w r t  t o  the  X-data stream as the  a p r i o r i  delay changes w i t h i n  
an i n t e g r a t i o n  pe r iod .  Up t o  15 such b i t  s h i f t s  may be made wi th in  a s i n g l e  
in t eg ra t ion  period! according t o  the  parameters provided by t h e  h o s t  computer. 
Each time such a b i t  s h i f t  takes place, the  MODE SELECTOR imposes an a d d i t i o n a l  
+/-go phase s h i f t  t o  the  s igna l s  emerging from the  FRINGE RATE G m ! C O R .  Through 
the  use of t h i s  "automatic f rac t iona l -b i t  e r r o r  correction" technique, correlation 
may be carried through many changes i n  the  X-to-Y b i t  delay so long as the  model 
contained i n  the  FRINGE RATE GENERATOR i s  s u f f i c i e n t l y  accurate t o  track the fringe 
phase. 

The CORRELATOR sec t ion  of t he  module does the  ac tua l  cor re la ion  between t h e  
r o t a t e d  X-data stream and t h e  unrotated Y-data stream. Eight  complex l a g s  are  
normally processed, although the  co r re l a to r  may a l s o  be configured under software 
cont ro l  t o  do auto-correlation processing of e i t h e r  the  X o r  Y da ta  stream. 

The determination of tape-recorder synchronization i s  made by l a t c h i n g  t h e  
Y b i t  count (within a frame) a t  the  beginning of the f i r s t  X frame of an integration 
period. Integrat ion period boundaries are constrained to start at X-data f r a m e  
boundaries, so t h a t  with knowledge of the  Y-data stream time and LATCH COUNT a t  
the  beginning of an in t eg ra t ion  period, the  tape-recorder synchronization may be 
computed and the  necessary commands sen t  t o  the  tape t ranspor t s .  

A l l  communications w i t h  t h e  h o s t  computer are "double-buffered" so that  
computer se rv ic ing  of the co r re l a to r  module is  completely asynchronous w i t h  respect 
t o  t h e  X and Y d a t a  streams excep t  t h a t  s e r v i c i n g  must take  place once each 
in t eg ra t ion  period i n  order t o  update processing parameters and e x t r a c t  processed 
data. Each c o r r e l a t o r  module communicates ind iv idua l ly  with the  host computer. 
During a normal computer service, approximately 21 bytes are sent computer-tolaodule 
and 114 bytes module-to-computer. 

Correlator System.Conf igura t ion  

F i g u r e  4 shows t h e  c o r r e l a t o r  sys tem conf igura t ion  when used t o  process 
3-station/28-track da ta  o r  4-station/l4-track data. Ninety c o r r e l a t o r  moduLes 
are housed i n  a s i n g l e  rack of 6 CAMAC crates, 15 modules/crate. Each of the six 
c r a t e s  i s  i d e n t i c a l  and rece ives  an i d e n t i c a l  set of da ta  s i g n a l s  from the 4 tape 
t r anspor t s  d i s t r i b u t e d  as follows: 

Module 1 - 

2 -  

14 - 
15 - 

Receives s igna l s  from both t r acks  #l and 12 from each of t h e  4 t ape  
d r ives  (recall t h a t  each module may s e l e c t  X and Y from among 8 inputs 
t o  the  module). 
Receives s igna l s  from both t r acks  #3 and 1 4  from each of t h e  4 t a p e  
d r ives  . 
Receives s igna l s  from both t racks  #27 and #28 from each of the 4 tape 
drives.  
This module i s  dubbed a " f loa t ing  module" whose input may be selected 
t o  be from any t r ack  of any of t he  4 tape drives.  Track selection is  
a c t u a l l y  made wi th in  the  cont ro l  e l ec t ron ic s  of t h e  tape drive. Tape 
d r ive  se l ec t ion  i s  made a t  the  input t o  the  c o r r e l a t o r  module i t se l f .  
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3 BASELINES/28 TRACKS 

BASELINE 1 
14 EVEN TRACKS 

BASELINE 2 .  
14 ODD TRACKS 

BASELINE 2 
14 EVEN TRACKS 

BASELINE 3 
19 ODD TRACKS 

6 BASELINEU14 TRACKS 

15 

15 

15 

fi 

CRATE 1 

CRATE 2 

CRATE 3 

CRATE 4 

CRATE 5 

CRATE 6 

BASELINE 1 -1 
I 

BASELINE 'aj 3 

BASELINE 1 
14 ODD~EVEN TRACK! 

BASELINE 2 
14 ODD/EVEN TRACK! 

BASELINE 3 
14 ODD/EVEN TRACKS 

BASELINE 4 
14 ODD/EVEN TRACKS 

BASELINE 5 
14 ODD/EVEN TRACKS 

BASELINE 6 

14 ODD/EVEN TRACKS 

mF: 

k D U L E  15 I N  

EACH CRATE I S  

SELECTABLE TO 

ANY TRK P A I R  

15 

IAT I NG. 
IDULE 

Figure 4. Correlator Configuration f o r  3 8 4 Stat ions 

For the case of 3-baseline/28-tracb data, each crate processes  e i t h e r  t h e  
odd or even numbered t racks from one of the 3 baselines. The f l o a t i n g  modules 
may be assigned arbitrarily for either redundanc~ checking or  f o r  special  processing. 
In t h e  4=station/l4 t rack case each cra te  is assigned t o  one of the 6 baselines 
and may process a l l  even or a l i  odd tracks,  which is compatible wi th  the standard 
14-track mode of data recording. The f loa t ing  modules may again be ass igned  as  
desired. 

Due t o  the modularity of the correlator  system, it i s  eas i ly  seve ra l  ways. 
With the addition of an ident ical  6-crate correlator  system, 4-stationl28-track 
data may be processed i n  single-pass. This additional 6 c ra tes  may be handled 
e i the r  by the exis t ing host computer or by an additional host computer. Because 
the data interface t o  the tape transports i s  very simple, expansion of the system 
t o  a large number of s ta t ions  is a simple matter. Correlator  modulee and h o s t  
computers may be added t o  bring the system t o  any capabi l i ty  desired. Cormectiug 
a group of HplOOO computer systems in to  a multi-computer net f o r  handling a large 
correlator  system is  straight-forward and cost effective.  High-speed data devices 
such as discs  a re  shared among CPU's, so tha t  a l l  data f .rm a particular processing 
pass w i l l  end up properly concatenated ready fo r  fur ther  processing. 

Spectral-Line and Pulsar Processing Capability 
Although the Mark 111 processor design is  p r imar i ly  o r i e n t e d  towarde t h e  

processing of continuum data, provisions have a l so  been made f o r  process ing  of 
spectral-l ine data where many lags a re  desired. This i s  done by s tagger ing  t h e  
a p r i o r i  de l ays  between modules t o  process  many lags. For example, using 90 
c o r r e l a t o r  modules t o  process  a s ing le - t r ack  s ing le -base l ine  spectral-l ine 
observation, 60 modulee may be used t o  do cross-correlation (480 complex delays) 
and 15 modules each fo r  X and Y autocorrelation (240 r e a l  delays). Similarly, a 
single-track 3-baseline observation may be processed us ing  22 modules on each 
baseline f o r  cross-corrFlation processing (192 complex delays) and 6 modules f o r  
autocorrelation processing (96 r e a l  delays) . 
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Support for pulsar processing i s  b u i l t  in to  the c o r r e l a t o r  module in t h a t  
t h e  c o r r e l a t o r  may be turned  on and o f f  a t  specified b i t  locat ions within an 
integrat ion period. When this mode is i n  operation, the hardware fractional b i t  
correction and f r inge  phase acceleration a re  automatically disabled. In a manner 
analagous t o  the spectral  l i n e  case, one may assign a bank of correlator  modules 
t o  cross-correlate the same track pair ,  but each with a staggered pulse  window. 
The output then forms a pulse p ro f i l e  of correlated flux. 

M K ~  ARRAY 
TBP€ D.P/V,CS 
7 - *i - - 

* 2 0 O M b  
Disc C P U  

J 

8 
? 

Figure 5. Processor Computer System Configuration 

Correlator Computer Support 

The Mark I11 corre la tor  i s  'supported by an HPlOOO computer system u t i l i z i n g  
two Model 2117F CPU's i n  a configuration shown i n  Figure 5. The HPlOOO is a 16-bit 
minicomputer system of modest s i ze  and cost. Each CPU contains approximately 1.5 
Mbytes of semiconductor memory, and the CPUs share approximately 400 Mbytee of 
on-line d isc  storage. 

One of the CPUe ( label led *Be) is  dedicated t o  real-time correlator operation 
and fringe-searching. A l l  computations and control for  the correlator  systee are 
carr ied out by t h i s  computer. The CAMAC in te r face  t o  the computer is provided by 
a commercially-procurred CAMAC branch driver.  Interface t o  the tape t r a n s p o r t  s 
is  through a standard ASCII  RS232 interface t o  an ASCII transceiver i n  t h e  t ape  
transport. No special-purpose interfaces  have been used i n  the correlator system. 

The other CPU ( label led 'A') i s  avai lable  f o r  any overf low f r inge - sea rch  
processing from the B' machine, and fo r  fur ther  post-pro,cefsing; a general-purpose 
array processor (CSPI MAP-300) i s  a l so  attached t o  t h e  A machine t o  support  
special-purpose processing. 

The BPlOOO computer system uses the RTE-IVB o p e r a t i n g  s y s t e m  suppl ied  by 
Hewlett-Packard. This  sys t em suppor ts  a f u l l  multi-programming environment, 
allowing concurrent processing tasks. Full  6lrbit  precision a r i t h e t i c  is available 
i n  hardware fo r  a l l  c r i t i c a l  calculativns,  and use of a micro- rogrammed FFT i n  

0 

fringe-search operations makes processlng speed reasonably hlg E . 
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COBBELATOR SUPPORT SOFTWARE 
A simplified block diagram of data flow through t h e  c o r r e l a t o r  system i s  

shown i n  Figure 6. We w i l l  b r ie f ly  describe each sect ion of it i n  turn. 

CORRELATION 
SETUP 

CREATE 
I ROOT DATA 
I FILES 
I DATA TAPES 

- - - - - -  - _ - _ _ _ _  

I 
I 

TAPE LIBRARY I MIINAGEMENT I 

a MANAGEMENT 
ASTROME TRlC 

SOLUTIONS 

Figure 6. Mark I11 Correlator Data Flow 

Correlation Preparation 
Schedule and log f i l e s  from an experiment are used t o  set up con t ro l  f i l e s  

fo r  the correlat ion processing. These f i l e s  are ASCII f i l e s  which may be generated 
e i ther  automatically or by manual editing. The data in these control f i l e 8  are 
used t o  create  a "Boot Data F i l e "  for  each scan to  be processed. This f i l e  contaiae 
a l l  of the detailed information necessary t o  do the c o r r e l a t i o n  process ing  f o r  
a l l  potent ia l  baselines of tha t  scan. 

Correlation Processing 
The correlation process i tself  is supported ty a ba t t e ry  of about 18 interact ing 

programs, each control l ing some aspect of the correlat ion process. A l l  a apriori 
ca lcu la t ions ' for  processor operations are done in real-time w h i l e  the correlator 
is operating. 

On-line graphice displays and s t a tus  monitors provide real-time monitor ing 
and control of the processor operation. When multiple-baseline scans are  being 
processed, each baseline i s  brought "on-line" as data from tha t  baseline becomes 
avai lable  f o r  correlation, and is taken "off-line" when data is no longer available 
from tha t  baseline. 

A t  the completion of correlat ion processing, t h e  raw c o r r e l a t o r  d a t a  a r e  
a t t a c h e d  t o  t h e  r o o t  d a t a  f i l e  as an "extent", and there  await fringe&search 
processing. 

Fringe-search Processing 
Fringe-search processing i s  done by col lect ing a l l  the cor re la tor  d a t a  f o r  

a par t icu lar  scan, one baseline a t  a t i m e ,  and processing t o  estimate correlation 
amplitude, group delay, phase-delay rat:, f r inge phase, etc. The f r i n g e  sea rch  
r e s u l t s  a re  attached a s  another "extent F'urther processing t o  the root data fi le.  
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may be done with automatic o r  manual e d i t i n g  of the correlator data m fringe-oearch 
parameters, and processed aga in  through the  fringe-search s t e p  as neceesary. An 
add i t iona l  f i l e  "extent" i s  crea ted  each time f r i n g e  processing i s  done, so t h a t  
a complete record i s  kept of a l l  processing f o r  a scan. 

The fringe-search o u t p u t  i s  the primary source of output for a l l  later 
geodetic , a8 t r m e  t r i c , and astronomical proce ss ing 

Data Archiving 
Due t o  the  very high volume of c o r r e l a t o r  da ta  and f r i n g e  search output ,  it 

i s  necessary t o  mwe data  f a i r l y  rap id ly  t o  s u i t a b l e  magnetic t a p e  archives  t o  
avoid overloading t h e  ava i l ab le  d i s c  s torage  SFC?. Two Q p e ~  of permanent archival 
tapes  are crea ted  a t  the  processor site. The A archive  tapes  store t h e  e n t i r e  
conten ts  of a l l  correlator da ta  f i l e s ,  including t h e  raw c o r r e l a t i o n  coefficients 
from each in t eg ra t ion  period of each module and t h e  e n t i r e  fringe-search output.  
The 'B' a rch ive  tape i s  i d e n t i c a l ,  except t h a t  the  (voluminous) raw c o r r e l a t o r  
output i s  not s tored ,  and hence the  'B' t apes  are considerably more cornspact. The 
B' t apes  are d i s t r i b u t e d  t o  ue,ers f o r  f u r t h e r  processing, and form t he  row da ta  

input  t o  c rea t e  the  'Data Base used f o r  geodet ic  and astometric solut ione.  
The 'A' archive tapes  allow r e s t o r a t i o n  of t h e  r a w  c o r r e l a t o r  o u t p u t  f o r  

purposes of re-fringe-searching o r  spec ia l  processing a t  some later time. K i t h  
t h e  'A' t apes  i n  hand, t he  raw Mark I11 data  tapes  may be c o n f i d e n t l y  r e l e a s e d  
and re-recorded, even though some reprocessing through fringe-search o p e r s t i o n s  
is  s t i l l  contemplated. This he lps  t o  reduce the  t o t a l  number of expens ive  Mark 
I11 tapes t h a t  must be purchased by r e c i r c u l a t i n g  them a t  a f a s t e r  rate. 

A t  the cur ren t  t i m e ,  severa l  thousand 'A' tapes have a l ready  co l l ec t ed  in 
t h e  Haystack archives .  

' 

Indexing and Cataloguing 
In order  t o  keep t r a c k  of a l l  of t he  da t a  t h a t  has been p r o c e s s e d  th rough  

t h e  c o r r e l a t o r  and f r i n g e - s e a r c h  o p e r a t i o n s ,  a comprehensive cataloguing and 
da ta - r e t r i eva l  system has been developed t h a t  allows easy recovery of any data in 
question. In addi t ion ,  a set of permanent summary f i les  are maintained that allow 
a quick look a t  any da ta  t h a t  has ever been processed. 

When the  da ta  from a p a r t i c u l a r  experiment a r r ives  at the correlator fac i l i ty ,  
it i s  assigned a unique experiment number with which a l l  subsequent references t o  
t h a t  set of da ta  may be made. Programs are ava i l ab le  t o  scan these  SUIIIUUY f i l e s  
wi th  var ious  sets of s p e c i f i a b l e  f i l t e r s  i n  order  t o  do qu ick  looks a t  d a t a  o r  
determine cur ren t  s t a t u s  of processing of an experiment. 

Data Tape Library 
The Mark I11 da ta  tape l i b r a r y  cu r ren t ly  conta ins  more than 2000 t a p e s  and 

r equ i r e s  ca re fu l  management t o  keep t r a c k  of t he  loca t ion  and s ta tus  of each tape. 
A da ta  base system is  u t i l i z e d  f o r  t h i s  purpose, providing the  capability not only 
of managing t h e  l i b r a r y ,  but of keeping records of t h e  e r r o r - r a t e  per formance  
h i s t o r y  of each  t ape .  The c o r r e l a t o r  sof tware i s  l inked t o  the  tape l i b r a r y  
software m that data-tape related infarmation may be t ransmi t ted  i n  both d i rec t ions .  
In p a r t i c u l a r ,  c o r r e l a t o r  opera tors  are provided w i t h  real-time library infarmetion 
t o  a i d  them i n  f i n d i n g  t a p e s  t o  be p rocessed ,  and t a p e  performance da ta  i s  
t ransmi t ted  t o  the  l i b r a r y  da ta  base. 

Some Additional Comments Regarding Software 
Current ly  the  correlator system supports 4 tape d r i v e s  w i t h  90 corre la tor  

modules. The c o r r e l a t o r  support software has been w r i t t e n  i n  a h i g h l y  g e n e r a l  
manner t o  s u p p o r t  an-  a r b i t r a r y  number of s t a t i o n s ,  base l ines ,  and correlator 
modules t o  t h e  l i m i t  of t he  computer's physical  ab i l i t y .  Rcnever, errpansion beyond 
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even t h i s  p i n t  i s  f a i r l y  straightforward by adding addi t ional  linked computers 
i n  much the same manner as has already been done (see Figure 5). 

The body of software su portin4 Mark I11 c o r r e l a t o r  o p e r a t i o n s  c u r r e n t l y  
consis ts  of approximately 10 8 ,000 lxnes of Fortran source code and 10,000 l i n e s  
of assembly language code on t h e  BPlOOO machine, and has consumed ~ a m e  15 man-years 
i n  i t s  development. 

OPERATIONAL MANAGEMENT AND PRODUCTIVITY 
A s t a f f  of correlator  operators runs the Mark I11 c o r r e l a t o r  f a c i l i t y  26 

hours a day, 7 days a week. Approximately one 8-hour sh i f t  of training is norm ally^ 
required t o  fami l ia r ize  new personnel with correlator  opera t ions .  Because a l l  
c r i t i c a l  setup data res ide i n  pre-prepared d isc  f i l e s ,  the operators do not need 
to be knowledgeable in the details or subtleties of VLBI data processing. Reasonably 
foolproof checks have been in s t i t u t ed  i n  the software t o  guarantee that the proper 
tapes are mounted a t  the proper times and tha t  proper operational procedures are 
followed. A f u l l  complement of explanatory e r ror  and help messages enable  t h e  
operators t o  handle most unusual s i tua t ions  without assistance.  

In  two and one-half years of operation, the Mark I11 processor has correlated 
in excess of 35,000 tape pairs containing some 150,000 individual baseline-observations. 
The volume of raw data flowing in to  the correlator  system has already exceeded 
300,000 Gb tee, corresponding-to approximately 10 Mbite per US c i t izen ,  or about 

COBBELATOR EXPANSION PLANS 
Current plans c a l l  for  a 1983 upgrading of the Mark I11 correlator  system to  

180 modules, which is double the current s i ze  and i s  suf f ic ien t  fo r  simultaneous 
&sta t ion  mode A (28-track) operation. Some upgrade of t h e  c o r r e l a t o r  module 
design is  being contemplated t o  take advantage of newer and cheaper technologies; 
the  module characteristics w i l l  be compatible with the current design, but w i t h  
some extended capabi l i t ies .  

t he  equiva Y ent of one good thick novel. 
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THE K-3 HARDWARE SYSTEM BEING DEVELOPED I N  JAPAN 
AND ITS CAPABILITY 
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ABSTRACT. The K-3 VLBI hardware has been developed s ince  
1979 f o r  t he  Japan-US j o i n t  VLBI experiments s t a r t i n g  a t  
the  beginning of 1984. This paper presents  a summary of 
t he  K-3 VLBI hardware which i s  composed of a 26 meter 
antenna, S/X r ece ive r s ,  a K-3 da ta  acqu i s i t i on  terminal ,  
wideband da ta  recorders ,  a delay c a l i b r a t o r ,  a c o r r e l a t i o n  
processor ,  hydrogen maser o s c i l l a t o r s  and a water vapor 
radiometer,  This paper a l s o  presents  an e r r o r  es t imat ion  
on the joint experiments, and the result shows t h a t  w e  can 
expect t he  measurement with an accuracy of about 2 an or 
b e t t e r .  

INTRODUCTION 

The K-3 VLBI  hardware has been developed s ince  1979 f o r  t he  Japan-US 
j o i n t  VLBI experiments s t a r t i n g  a t  the  beginning of 1984. 

The 26 meter antenna a t  Kashima Branch, t he  Radio Research Labora- 
t o r i e s ,  w i l l  be  used as one element of these  experiments. An S-band 
receive,r  f o r  a right-handed c i r c u l a r l y  polar ized component and two X-band 
r ece ive r s  f o r  r igh t -  and left-handed ones w i l l  be assembled i n  the  26 meter 
antenna system by August 1983. 

Development of two d a t a  acqu i s i t i on  terminals ,  each having an IF 
d i s t r i b u t o r ,  IF-to-video converters ,  a formatter ,  a decoder with a 
one-megabit memory, wideband da ta  recorders  and a delay c a l i b r a t o r ,  
together  with a co r re l a t ion  processor are proceeding on schedule and w i l l  
be f in i shed  by March 1983. The da ta  acqu i s i t i on  terminal  is  compatible 
with a Mark-I11 system and is a l s o  obedient t o  i n s t r u c t i o n s  of t h e  same 
schedule program as one being used i n  the  Mark-111 f i e l d  system. 

Tr ia l  manufactures of a hydrogen maser o s c i l l a t o r ,  wel l - s tab i l ized  
l o c a l  o s c i l l a t o r s ,  a water vapor radiometer and image r e j e c t i o n  mixers have 
successfu l ly  been f in i shed ,  and d e t a i l s  of t he  K-3 hardware €or  opera t ionar  
use are designed. 

We descr ibe  the  r e s u l t s  from p i l o t  s tudy and the  design of t he  whole 
K-3 hardware, and a l s o  present  a summary of t he  expected capab i l i t y  of t h e  
K-3 hardware system. 
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A 26 METER ANTENNA AND S/X RECEIVERS 

A schematic sketch of a 26 meter antenna is shown in Figure 1. The 
' antenna is a modified cassegrain antenna with a horn-reflector feed, and 
has an altitude-azimuth mount. The position of the intersection of axes, 
which is a reference point of a VLBI baseline, is shown in Table 1 in 
coordinate system of SAO-C7. The position will accurately be resurveyed by 
Geographical Survey Institute and precisely related to a Japanese datum 
origin (Kawaguchi,et al. 1982). 

Tracking of celestial sources with this antenna is automatically 
performed by instructions from a computer within the accuracy of 0.01 
degrees at maximum slew.rate of 1 degree per second. Aperture efficiency 
of this antenna is expected to be 57 % at S-band and 45 % at X-band. 
Antenna noise temperature including noise due to feed system loss is to be 
76 K at S-band and 90 K at X-band, at zenith angle of 45 degrees in a 
standard atmosphere. 

The block diagram of the S/X feed and the waveguide circuit together 
with preamplifiers and frequency down-converters is shown in Figure 2. The 
S-band RHCP (Right-Handed Circularly Polarized signal) is guided to a 
S-band preamplifier through two directional couplers, the one is for 
injection of a delay calibration signal and the other is for adding some 
amount of noise to measure a system noise temperature. The noise adding 
and the system noise measuring are performed by device controllers in a 
data acquisition terminal. Both RHCP and LHCP (Left-handed one) signals in 
X-band are guided to two X-band preamplifiers through two waveguide 
switches and one ferrite switch, besides two directional couplers which 
have same functions as S-band. The SW1 (see Figure 2) alternates RHCP 
signal with LHCP signal, 

The amplification of X-band and X'-band signals are performed by two 
independent preamplifiers as shown in Figure 2, Frequency allocation of 
both bands and response of a Band Pass Filter (BPF) in front of the XI-band 
preamplifier are shown in Figure 3. Usually, X-band and S-band RHCP 
signals are received in Japan-US joint VLBI experiments. At the same time, 
if LHCP signals in XI-band are received, the cross polarization of the 
incident waves can be measured at frequency range from 8180 MHz to 8280 
MHz, a common band to X- and XI-band. The common band is also used for a 
test of system coherence. Both a noise and a delay calibration signal 
generated in a delay calibrator are received by X- and X'-band receivers, 
and are recorded on magnetic tapes, and are cross-correlated. by a corre- 
lation processor in usual manner of VLBI. The result will show the deg- 
radation of coherence due to system instability or system imperfection, The 
X- and XI-band can be combined with each other by using a Ferrite SW, SW2 
and BPF. As can be seen in Figure 3,  the combination yields two times 
wider bandwidth for synthesis than that of a X-band only. 

The S-band preamplifier is composed of field effect transistors 
(FETs), and the noise temperature is eatimated to be below 93 K throughout 
the whole receiving band from 2220 MHz to 2320 MHz. The X-band preampli- 
fier is usually used in joint VLBI experiments and is a parametric ampli- 
fier followed by three FETs. Total gain will be above 50 dB and the noise 
temperature is expected to be below 70 K at frequency range from 8180 MHz 
to 8600 MHz. The XI-band preamplifier is composed of three FETs cooled 
electrically down to minus 60 C in physical temperature. The' gain is above 
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40 dB and the  no i se  temperature is below 100 K a t  frequency range from 7860 
MHz t o  8280 MHz. 

Three down-converters are used t o  convert  t h e  frequencies  of S-, X- 
and XI-band s i g n a l s  t o  IF  frequencies ,  those are from 200 MHz t o  300 MHz 
f o r  S-band, from 100 MHz t o  520 MHz f o r  X-band and XI-band. The l o c a l  
o s c i l l a t o r  s i g n a l s  are derived from a 10 MHz re ference  s i g n a l  suppl ied by a 
hydrogen maser o s c i l l a t o r .  The S-band l o c a l  o s c i l l a t o r  signal of 2020 MHz 
is phase-locked t o  the  re ference  s i g n a l  by a phase-locked o s c i l l a t o r  (PLO). 
The output of t h e  PLO, 2020 MHz, is mul t ip l i ed  by four  t o  provide t h e  
X-band l o c a l  o s c i l l a t o r  s i g n a l  of 8080 MHz. Another PLO su,pplies a l o c a l  
o s c i l l a t o r  s i g n a l  of 7760 MHz f o r  t he  XI-band l o c a l  o s c i l l a t o r  and is a l s o  
phase-locked t o  the  same referece .  Each converter  has an image r e j ec t io r ,  
f i l t e r  and a l i n e  equal izer .  The f i l t e r  rejects undesired spurious o r  
a l l e v i a t e s  an in t e r f e rence  from the  lower sideband. The l i n e  equa l i ze r  
compensates a r ap id  increase  of a t t enua t ion  a t  frequency above 100 MHz i n  
IF cables .  

K-3 DATA ACQUISITION TERMINAL 

A K-3 d a t a  acqu i s i t i on  terminal  is composed of an IF  d i s t r i b u t o r ,  14 
video converters ,  a format te r ,  a decoder and a re ference  s i g n a l  
d i s t r i b u t o r .  

The I F  d i s t r i b u t o r  has t w o  channel u n i t s  and a device c o n t r o l l e r .  
Each u n i t  is independent and exchangeable each o the r  and accepts  an I F  
s i g n a l  from 100 MHz t o  520 MHz, d i s r i b u t e s  i t  t o  8 LO I F  channels (from 90 
MHz t o  230 MHz) and 8 H I  IF  channels (from 200 MHz t o  520 MHz). The device 
c o n t r o l l e r  con t ro l s  t he  devices  according t o  commands s e n t  from a hos t  CPU 
(HP-1000 model 1OL) v i a  a HP-IB i n t e r f a c e ,  and a l s o  measures no i se  tempera- 
t u r e  of s-, X- and XI-band rece iv ing  system by turn ing  a noise  diode on and 
off  i n  f r o n t  of t h e  rece ivers .  

The 14 video converters  accept 14 I F  s i g n a l s  and output 28 video 
s igna l s .  The upper frequency of each video s i g n a l  is se l ec t ed  out  of 4, 2 ,  
1, 0.5,  0.25 and 0.125 MHz. Each video converter  has t h e  same device 
c o n t r o l l e r  as i n  the  IF d i s t r i b u t o r  and i s  a l s o  cont ro l led  by a hos t  CPU.. 
The l o c a l  o s c i l l a t o r  s i g n a l  i s  suppl ied by a 10 KHz-step syn ths i ze r  
phase-locked t o  the  re ference  s i g n a l  from a hydrogen maser o s c i l l a t o r ,  

The format te r  has seven channel u n i t s  and can accepts  up t o  28 video 
s i g n a l s ,  Each u n i t  samples 4 video s i g n a l s  i n t o  one b i t  and p laces  them i n  
a format prescr ibed so as t o  be  compatible with a Mark-I11 format. A t i m e  
code and a l l  t he  t imings f o r  formatt ing are generated from a re ference  
s i g n a l  suppl ied by the  hydrogen maser o s c i l l a t o r .  The format te r  is a l s o  
cont ro l led  by a hos t  CPU v i a  a HP-IB in t e r f ace .  

The decoder performs t h e  func t ion  of independently decoding two ser ia l  
b i t  streams encoded and formatted by the  format te r  and of monitoring p a r i t y  
and synchronizat ion e r ro r s .  The resul ts  of decoding and monitoring are 
displayed on i t s  pannel and are s e n t  t o  a hos t  CPU v i a  a HP-IB i n t e r f a c e .  
The decoder a l s o  has a one-megabit memory i n  i t  and s t o r e s  a p a r t  of t h e  
same d a t a  as t h a t  which would have been w r i t t e n  onto a tape.  These da t a  i s  
u t i l i z e d  f o r  t he  purpose of monitoring s i g n a l  q u a l i t y ,  de t ec t ion  of a delay 
c a l i b r a t i o n  s i g n a l  i n  the  da t a ,  and of confirming real-time f r i n g e s  i f  t he  
d a t a  could be exchanged through an e x i s t i n g  communication l i nk .  
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The r e fe rence  s i g n a l  d i s t r i b u t o r  s u p p l i e s  twenty 10 MHz s i g n a l s  t o  a l l  
t h e  K-3 equipments and one 5 MHz s i g n a l  t o  a de lay  c a l i b r a t o r  as a r e f e r -  
ence. These s i g n a l s  are d i s t r i b u t e d  o r  d iv ided  from one r e fe rence  s i g n a l  
suppl ied  by a hydrogen maser o s c i l l a t o r .  

K-3 WIDEBAND DATA RECORDER 

A K-3 wideband d a t a  recorder  is  composed of an in s t rumen ta t ion  f a c i l i -  
t y  (a Honeywell M-96) f o r  d r i v i n g  a t ape  and some self-developed e l e c t r o -  
n i c s  f o r  record ing  and reproducing 28 channel -d ig i ta l  d a t a  sampled and 
formatted i n  a K-3 d a t a  a c q u i s i t i o n  terminal .  

A d i g i t a l  head d r i v e r  records  t h e  d i g i t a l  d a t a  of 4.5 Mbps on 28 
t r a c k s  a t  a speed of 135 i p s ,  and t h e  r e s u l t a n t  record ing  d e n s i t y  is 33.3 
Kbpi. 

A read  module and 1/0 modules f o r  reproducing t h e  33.3 Kbpi d a t a  on 28 
t r a c k s  a t  t h e  m a x i m u m  speed of 270 i p s  is under development and w i l l  be  
completed i n  December, 1982. The m a x i m u m  reproducing speed of 270 i p s  is 
two times f a s t e r  than t h e  usua l  recording/reproducing speed, As no t i ced  
later,  t h i s  means shor ten ing  of t i m e  requi red  f o r  d a t a  processing.  

A l l  t h e  sequences of record ing  and reproducing are controlled by a 
c o n t r o l l e r .  The c o n t r o l l e r  has a m i c r o  processor to cont ro l  the wideband 
d a t a  recorder according t o  i n s t r u c t i o n s  from a h o s t  CPU v ia  a HP-IB 
i n t e r f a c e  and is always monitor ing a footage  counter f o r  c o n t r o l l i n g  t h e  
phys ica l  t ape  pos i t i on .  

K-3 DELAY CALIBRATOR 

The S/X receivers a t  t h e  antenna s i t e  and t h e  d a t a  a c q u i s i t i o n  
te rmina l  i n  t h e  ground bu i ld ing  are connected by cab le s  of about 62 meters. 
The v a r i a t i o n  of t h e  cab le  de lay  is c a l i b r a t e d  by a K-3 de lay  c a l i b r a t o r ,  
t h e  des ign  of which is similar to a Mark-I11 de lay  c a l i b r a t o r .  

The measured de lay  v a r i a t i o n  over  24 hours i s  shown i n  F igure  4. We 
can see a r ap id  decrease  of t h e  de lay  i n  t h e  evening and an i n c r e a s e  i n  t h e  
morning, and the peak-to-peak v a r i a t i o n  of about 0.1 ns was observed, 

The r e s o l u t i o n  of t h e  de lay  c a l i b r a t o r  is about 0.5 picosecond and i t s  
i n s t a b i l i t y  is less than 5 picosecond. 

K-3 CORRELATION PROCESSOR 

Cor re l a t ion  process ing  is  conducted by a HP-1000 model 45F computer 
w i th  t h e  a i d  of a HP-1000 model 1OL computer and t h e  use  of a K-3 co r re l a -  
t i o n  processor .  This  c o r r e l a t i o n  process ing  system i s  i l l u s t r a t e d  i n  
F igure  5 .  

The c o r r e l a t i o n  processor  has  4 c o r r e l a t i o n  u n i t s  and 4 u n i t  cont ro l -  
lers. I n  ea& c o r r e l a t i o n  u n i t ,  8 p a i r s  of d a t a  streams are cross-corre-  
l a t e d  and i n t e g r a t e d .  The c o r r e l a t e d  d a t a  are t r a n s f e r r e d  t o  the 45F v i a  a 
d i r e c t  memory access l i n e  (DMA l i n e )  of HP-IB under c o n t r o l s  of each u n i t  
c o n t r o l l e r .  Necessary parameters f o r  processing are t r a n s f e r r e d  on t h e  
same l i n e  from t h e  45F t o  each u n i t  c o n t r o l l e r .  The u n i t  c o n t r o l l e r  sets 
t h e s e  parameters  t o  c o r r e l a t i o n  u n i t s .  

Synchronizat ion e r r o r s  between two d a t a  streams are c a l c u l a t e d  by t h e  
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unit controller, and are reported to the 1OL. According to the infoma- 
tion, the 1OL controls a speed of one wideband data recorder, while it 
keeps the other recorder at a constant speed. 

yia a HP-IB interface of the 1OL without disturbing the data transfer 
between the 45F and the unit controller via a DMA line, 

The capability of the K-3 correlation processor are summarized in 
Table 3 .  The marked capability of this processor is the maximum 
integration period of about 8 second at the data rate of 4 Mbps and the 
maximum processing speed of 8 Mbps. The long integration capability may 
alleviate a load of the 45F and the fast processing speed may reduce the 
time required for the processing. 

At any time, an operator can monitor and query the processing status 

K-3 HYDROGEN MASER OSCILLATOR 

We are now developing a new field operable hydrogen maser oscillator, 
Preliminary experiments on a small sized prototype maser oscillator have 
been done to obtain data for the design of a new operational maser. 

The performance of the irototype maser is shown in Figure 6 and the 
short term stability of 7x10- has been obtained. In the figure, a dashed 
line shows a required performance and filled circles show measuring values 
on the prototype maser. We have already achieved a required performance. 
In the error estimation due to  the frequency instability, however, we use 
the required performance as a worst case. 

Making good use of this experience, a detailed design of the 
operational maser is determined as shown in Table 4 for a physics package 
and in Table 5 for electronics system. All works on two operational masers 
will be finished by March, 1983. 

K-3 WATER VAPOR RADIOMETER ' 

Tropospheric path delay due to water vapor along a ray path will be 
corrected by a K-3 water vapor radiometer. 

The radiometer measures sky noise temperatures emitted by water vapor 
at two frequencies near the resonant frequency of 22.2 GHz. From these 
noise temperature measurement, tropospheric path delay is precisely 
determined as have already been made clear by Wu (Wu 1979). In the deter- 
mination, however, there are some problems. 

In the first, the measured noise temperature must not be interfered by 
other noise sources such as a noise from the ground or a noise generated by 
lossy circuits in the radiometer. We can correct the unkown bias adding to 
the true sky noise temperature by a tipping method or using a liquid 
nitrogen cooled dummy in front of the antenna. For making the tipping 
method effective, we need to measure the sky noise temperature down to the 
elevation angle of less than 10 degree (equivalent to the air mass number 
of larger than 5) as can be seen from Figure 7 .  The figure, the result of 
covariance analysis on the tipping curve, shows the estimation error of the 
unknown bias ( Cp ) caused by the observation error of 0.5 K, when the 
tipping is conductZ4 down to the elevation angle shown on the abscissa. We 
design our radiometer so as to measure the sky noise temperature down to 
the elevation angle of 10 degree without interference from the ground, by 
using a narrow beam, low sidelobe antenna. 
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In the second, coefficients used in the estimation of path delay from 
the sky noise temperature depends on meteorlogical condition, To avoid 
this dependency, we choose optimum pairs of frequency of 20.0/26.5 GHz or 
20.3/31.4 GHz as is recommended by Wu (Wu 1979), and will confirm the 
validity of the Coefficients by launching radiosondes. 

The radiometer of a temperature-stabilized Dicke-type are designed and 
will be finished in May 1983. The error of the sky noise measuring are 
expected to be less than 1 K. 

CONCLUSION 

We present a summary of a K-3 hardware system being developed in 
Japan. In conclusion, we will summarize the error caused by the K-3 
hardware system in Table. 6. In the estimation, we suppose a baseline 
between the OVRO 40 m antenna and the Kashima 26 m antenna. From this 
table, the total observation error of about 2 cm will be expected. 

We heartily hope that the Japan-US j o i n t  experiments will successfully 
start and the data will give new information to the fields of geodesy and 
crustal plate mortion. 
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Figure 6. The performance of the prototype hydrogen maser oscillator 
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Table 1. The position of the 26 meter antenna 
in SAO-C7 coordinate system 

Latitude 140'39'45."6 
Longitude 35'57 ' 15". 1 

77.08 meter 

Table 2. Summary of electrical characteristics of the 
26 meter antenna and the S/X receivers 

frequency ; 
Frequency Range 
Antenna Diameter 
Aperture Efficiency 
Antenna Gain 
Antenna Noise Temperature 
Waveguide Circuit Loss 
Preamplifier Noise 

Total G/T 

S-band 

2200-2320 MHz 
26 meter 
57 % 
52.8 dB 
70 K 
6 K  
93 K 

30.5 dBK 

X-band 
~ ~- 

8180-8600. MHz 
26 meter 
45% 
63.2 dB 
60 K 
30 K 
70 K 

41.2 dBK 

Table 3. The performance of the K-3 correlation processor 

Number of Channels 
Maximum Processing Speed 
Programmable Delay. 
Correlation Lags 
Integration Period 

Buffer Memory 
Fringe Rotation 
Phase Resolution 
Phase Rate Resolution 

Rotation Pattern 
Fractional Bit Correction 

32 
8 Mbps 
enable up to 128 bits 
complex 8 bit-lags 
5 msec to 8.38 sec at 
4 Mbps of data rate 
20 Kbits 

0.02 micro-radian 
0.93 mHz 
(Phase Acceleration Enable) 
3-level 
90 deg. phase jump 
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Table 4. The design of t h e  opera t iona l  hydrogen maser 
o s c i l l a t o r  f o r  t h e  physics package 

Magnetic s h i e l d  
Magnetic sh i e ld ing  f a c t o r  
Resonant cavity 

Storage bulb 
Temperature 
S t a t e  s e l e c t o r  
Collimator 

Source gas pressure  
Source bulb 
Dimension 

Weight 

1.5 mm Permalloy, 4 s h i e l d s  
15,000 
27.5 cm dia .  and 30.4 cm long 
Q = 50,000 
lg.0 cm dia .  quartz  
cavity @ 49 + 0.001 O C  

hexapole magn'et 7 kGauss 
m u l t i  channel co l l imator  
each channel 25 Jlm d ia .  and 
0.5 mm long 
0.1 Torr 
3 cm d ia .  and 5 cm long pylex 
90 cm wide, 80 cm deep and 
165 cm high 
ca. 700 kg 

w 

Table 5. The design of t h e  opera t iona l  hydrogen maser 
f o r  t he  e l ec t ron ic s  sys t em 

Power supply 
Receiver 

Preamp. 
1s t mixer 

L.O. Mul t ip l i e r  

Synthesizer  
vcxo 
10 MHz buf fe r s  

Gas pressure  c o n t r o l l e r  
P H p u r i f i e r  d 2  C-f i e l d  
S igna l  ou tputs  

~ ~~ 

AC 200V and AC lOOV 

2.2 dB N.F. commercial u n i t  
Double balanced image r e j e c t i o n  mixer 
commercial u n i t  
phase locked m u l t i p l i e r  
commefsial u n i t  
7x10- r e so lu t ion ,  commercial u n i t  
HP10811B 
120 dB i s o l a t i o n  
custom made a t  RRL 
custom made a t  RRL 
0 t o  20 mGauss, regulated M O - ~  
10 MHz, +13 dBm, 50 ohm; 7 channels 
1 pulse  per  second TTL l e v e l ;  2 channels 
Monitor s i g n a l  
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Table 6. The observation error estimation of the VLBI 
experiment between OVRO 40m and Kashima 26m 

Error sourc 

Antenna and Receiving System 
Hydrogen Maser Oscillator 
Delay Calibrator 

Wet Component Path Delay 

Dry Component Path Delay 

Phase Scintillation 

Total RSS 

error 

54 psec 
18 psec 
5 psec 

38 psec 

11 psec 

6 psec 

~~ 

70 psec 

comment 

1 Jy, 300 sec, Mode E 
clock instability 
time interval counter 
error of 1 micro-sec at 
25 Hz 
radiometer error of 
1 K  
pressure gauge error of 
0.1 mbar 
integration time of 
300 sec 

about 2 cm 
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K-3 VLBI SOFTWARE DEVELOPMENT FOR INTERNATIONAL EXPERIMENTS 

F.Takahashi, T.Yoshino, H.Murakami, 

K.Koike, H.Kunimori, and T.Kondo 

Kashima Branch, The Radio Research Laboratories 
893-1 Hirai, Kashima, Ibaraki, 314 Japan 

ABSTRACT. Since last year we' have been developing' 
VLBI software system for geodetic application. We 
call it "K-3 Software System". K-3 Software 
System has eight sets of software whose initial 
letters are all "K". The time limit of this 
development is the end of 1983 for the start of 
Japan-US joint experiments 

INTRODUCTION 

The Radio Research Laboratories (RRL) is developing the 
comprehensive K-3 Software System for the international VLBI 
experiments. Our main target is the centi-meter analysis of plate 
motion, polar motion, earth rotation and local crustal deformation. 
However, an immediate work is to succeed in Japan-US joint VLBI 
experiments. 

At present the development of K-3 software is conditioned by next 
two factors. First one is that the time limit is the end of next year 
1983 for Japan-US joint experiments. Second one is the existence of 
the strong and experienced Mark-I11 software. So we must have some 
principles not to fall into the imitation of others. Then we adopted 
next three stress-points of K-3 Software System. 

1) Consistency of comprehensive data processing and 

2) Compatibility between K-3 and Mark-I11 
3) Originality of the VLBI analysis in a Japanese group 

analysis software 

We realize that the compatibility has a significance to supple- 
ment the common resources each other. By two points 1) and 2) we can 
get the minimum base of VLBI software and on this base we plan to 
stress the last point; the originality of a Japanese VLBI group. 

OVERVIEW OF K-3 SOFTWARE 

Fig. (1) shows the general overview of K-3 software system. K-3 
software is composed of three major saftware groups and three active 
software buses. In the first software group we have our scheduling 
software USER and automatic operation software KAOS for K-3 hardware 
system. In the second group there are setting-up utilities KASET, 
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c o r r e l a t i o n  sof tware  KROSS and bandwidth syn thes i z ing  sof tware  KOMB. 
In t h e  t h i r d  group we have an a p r i o r i  model sof tware  KAPRI and least- 
-square-determination sof tware  KLEAR. 

Among t h e  Fig.  (1) ' s  t h r e e  
sof tware  buses ,  t h e  l e f t  one is  t h e  
data-base system KASTL which is  t h e  
common resources  f o r  t h e  o v e r a l l  
K-3 software.  The next  one is t h e  
s c r a t c h  f i l e s  o r  system commons 
which are not  only commons b u t  a l s o  
temporary resources  f o r  each 
sof tware  group. The r i g h t  bus i s  
t h e  l o c a l  common which i s  t h e  
o r i g i n a l  resource  f o r  each sof tware.  

We w i l l  use  t h e s e  t h r e e  buses 
h i e r a r c h i c a l l y  and w e  are going t o  
get  t h e  good prospec t  f o r  our  
so f tware  design.  

SYSTEM LOCAL 
KASTL common common 

Actlve three bueea K-3 Software Group 

 FIG,(^) OVERVIEW OF K-3 SOFTWARE Svsm 

SCHEDULING SOFTWARE "USER" 

Scheduling sof tware  USER of K-3 corresponds t o  Mark-111's SKED 
( Vandenberg, 1982a ).  KASER, however, w i l l  have one important  and 
d i f f e r e n t  func t ion  from SKED. This  is an e x t e r n a l  optimum f i l t e r i n g  
func t ion .  Mk-111's SKED has  many t o o l s  and u t i l i t i e s  t o  make VLBI 
observa t ion  schedule  e a s i l y .  But we  heard t h a t  t h e  ope ra to r  us ing  
SKED is a p t  t o  have t h e  
heavy load to Optimize the 
( Vandenberg, 1982b ). We a l s o  
th ink  t h e  design of t h e  automatic  
sof tware  t o  do t h e  opt imiza t ion  
f o r  i t  w i l l  b e  much heav ie r  t a s k  
f o r  us.  

In t h e  K-2 antenna c o n t r o l  
sof tware w e  a l r eady  succeeded i n  
des igning  t h e  e x t e r n a l  f i l t e r  f o r  
sa te l l i te  t racking .  Using t h i s  
experience w e  can design t h e  easy 
i n t e r f a c e  r o u t i n e  between KASER 
and e x t e r n a l  program. Therefore ,  
w e  can depend on t h e  s p e c i a l i s t  of 
schedule  opt imizing program. 
Fig.  (2)  shows t h e  schematic 
i l l u s t r a t i o n  of t h e  i n t e r f a c e  of 

KASER: Scheduling Software wlth Filtering 

KASER 
KASTL 

Stetlon Gel.  

SNAP Schedule 

USER and t h i s  optimum f i l t e r .  
 FIG,(^) ~ E M ~ T I C  FIGURE OF WR 
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AUTOMATIC OPERATION SOFTWARE "KAOS" 

Automatic Operation software KAOS corresponds to Mk-111's Field 
System( Vandenberg 1981 ). We already completed KAOS and we are 
'checking and testing it. 

KAOS controls many kinds of K-3 hardware ( see Fig.(3) ) using 
HP-IB. KAOS has next three strong points. The first point is the 
f u l l  compatibility between K-3 .and Mk-111, The second is the 
exclusive adoption of' HP-IB bus and ASCII  protocol. The l a s t  one is 
the emergency measures using the Service Request function of HP-IB. 
KAOS can use the status word of SRQ and serial polling automatically. 
KAOS is the most important software for the success of Japan-US 
experiments. 

HP-1000 

Model 10 

 FIG,(^) AUTCMTIC CONTROL OF K-3 SYSTEM USING KAOS 
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DATA BASE SETTING-UP SOFTWARE "KASET" 

The data base setting-up software KASET corresponds to Mk-111's 
DELOG, CALIB, UTlPM, EPHEM. We are designing KASET to unify these 
Mark-111's functions, In other words, we plan 
base setting-up routines into single 
software. Since we can process and 
analyze VLBI data at one place Kashima, 
we can design this unified one like 
this. KASET is divided into five 
sections shown in Fig.(4). The first 
is the man-machine interface section 
for following four sections. The 
second section is extracting the 
information from SNAP log. The third 
is the data table setting of UT1 and 
polar motion form International 
Latitude Observatory of Mizusawa and 
TAIRRL and UTC from RRL. The fourth is 
setting the planetary ephemeris of 
Japanese Hydrographic Department, The 
last is the diagnostic section of 
set t ing-up data. 

FIG, (4) DATA BASE SETTING UP SOF~WARE M 

CORRELATION PROCESSING SOFTWARE "KROSS" 

The cross correlation processing software KROSS corresponds to 
A A  Mk-111's COREL. KROSS controls 

32 channels of K - 3  processing 
modules and two data recorder. 
Fig. (5) shows the hardware 
interfaces around KROSS. 

We have an originality of 
1/0 among correlator, data 
recorders, and two computers. 
We are also using the HP-IB=DMA 
interface between correlator 
and computers, while in Mark-I11 
they are using the CAMAC type 
interface. We believe the 
recent progress of HP-IB will 
show the merits of K-3 method 
in near future. 

KROSS can bring K-3 
processor's ability into full 
play, especially, we can 
utilize the SRQ functions of 
HP-IB. We are also designing 
KROSS to be able to process the 
multi-baseline correlation 
including the multi-synchro- 
nization of data recorders. 

P *- c 

+ +25-+32 

X Y  

+4 
8 

A 
, 

32 

Model 10 

~ 

Recorder+l Recorder+2 

 FIG,(^) CROSS CORRELATION SOFTWARE IWSS 
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BANDWIDTH SYNYHESIZING SOFTEARE "KOMB" 

s e c t i o n s  as shown i n  F ig . (6 ) .  One 
s e c t i o n  i s  t h e  s i n g l e  frequency 
coarse  sea rch  s e c t i o n  and t h e  
o t h e r  i s  multi-frequency f i n e  
sea rch  sec t ion .  KOMB can a l s o  
a rch ive  t h e  processed d a t a  i n  t h e  

Haystack and NGS format f o r  MERIT 
campaign because K-3 database w i l l  
have both t h e  processed and 
analyzed data. 
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1 
Search 

t Single Coarse 
cn a 
Y m 

0) 

c 
V 

- 
H E  1 

MMhi Fine - 
m 0)  !f Search 
m 

n 

cn 6 

I 
6 
a 

V .. 
< KONV 

\ i  L I A 

APRIORI MODEL SOFTWARE "KAPRI" 

The a p r i o r i  model sof tware  KAPRI corresponds t o  MK-111's CALC 
sof tware.  Mk-111's CALC has  very clear designing thought and a l s o  
has  well-moduled s t r u c t u r e  so one can manage t h e  ope ra t ion  h i s t o r y  
of CALC su re ly .  We are l ea rn ing  
many th ings  from Mk-111's CALC 
and w e  p l an  t o  develop KAPRI on 
t h e  b a s i s  of CALC. 

We are cooperat ing wi th  
I n t e r n a t i o n a l  L a t i t u d e  Observ- 
a t o r y  of Mizusawa( ILOM ) and 

, they proposed t h e  u n i f i e d  phy- 
s i ca l  model of e a r t h  r o t a t i o n  and 
i t s  p a r t i a l  d e r i v a t i v e s  consider- 
i n g  both  t h e  deformable Ear th  and 
t h e  l i q u i d  core  resonance i n  
Ear th  f o r  our  KAPRI. The va lues  
computed by KAPRI w i l l  be  used i n  
fol lowing leas t - square  e s t ima t ing  
sof tware  KLEAR. KAPRI a l s o  
computes t h e  ocean loading  e f f e c t  
on Kashima because Kashima i s  
very c l o s e  t o  t h e  P a c i f i c  Ocean. 

KAPRl 

Operation-History 

Management F 7- A prlorl-Value 

Computation 

Partial Derivative 

( Computation 

 FIG,(^) APRIORI MODEL SOFTWARE IWRI 
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LEAST SQUARE ESTIMATION SOFTWARE %EAR" 

The base l ine  analyzing sof tware KLEAR corresponds t o  SOLVE of MK-111. 
We'are designing KLEAR t o  consider t h a t  t he  nu ta t ion  ana lys i s  is very 
important f o r  p rec i se  geodet ic  appl ica t ion .  
t he  e f f e c t s  of t h e  l i q u i d  core resonance on the  nuta t ion .  

KLEAR w i l l  be ab le  t o  estimate 

KLEAR 

;.-.......-...-....-.--....-.I ........................ 
! 

Error Matrix - 
'SOLVE' 

SOLVE Command 

Optimum Filter ; 1; 
i  FIG,(^) LEAST S~WRE ESTIMATION SOM IWR i 
......................................................... 

KLEAR a l s o  has the  i n t e r f a c e  rou t ines  between MK-111's SOLVE and 
external optimum f i l t e r  as shown i n  Fig.(8).  Therefore we  can depend on 
t h e  s p e c i a l i s t  about t he  program of es t imat ion optimizing procedures. The 
f i l t e r ' s  input  is  the  e r r o r  matrix f o r  SOLVE and the  output is  the  MK- 
-111's SOLVE-like machine-callable commands. 

Beside the  base l ine  ana lys i s ,  w e  w i l l  use  t h i s  KLEAR f o r  i n t e r -  
na t iona l  t i m e  synchronization and f o r  the  researches of the  propagation 
e f f e c t s  of both ionized and n e u t r a l  atmosphere. 

DATA BASE SYSTEM "KASTL" 

We named our da t a  base system KASTL a f t e r  Japanese castle's multi-  
- s to r i ed  s t r u c t u r e .  We plan t o  use the  genera l  purpose data-base system; 
H.P.'s IMAGE/1000 f o r  our KASTL. Using IMAGE w e  can descr ibe  a s u i t a b l e  
schema f o r  our KASTL and u t i l i z e  the various kinds of data-base handling 
too l s  prepared by H.P. espec ia l ly  the computer-networked data-base 
u t i l i t i e s .  Fig.(S) shows our " fu ture  plan" of KASTL. KASTL w i l l  be 
connected t o  Geographical Survey I n s t i t u t e s  of Japan and I n t e r n a t i o n a l  
La t i tude  Observatory of Mizusawa v i a  X.25 protocol  of Dis t r ibu ted  System- 
/ lo00 and a l s o  i t  may be  connected wi th  t h e  fore ign  system by t h e  satel- 
l i t e  communication l i n e .  

LOM 
FORElM s y s m  

COMPUTER COMPUTER 

DSI 1000 

X.25 
KASTL 

IMAGE/ 1000 - 
 FIG,(^) INF- "FUTURE PLAN" OF ~ A T A  BASE KASTL 
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CONCLUSION 

Now w e  conclude with a few genera l  remarks on the  compat ib i l i ty  
between K-3 and MK-111 software. W e  plan t o  have next  f i ve  
compat ib i l i ty  poin ts .  The f i r s t  is the  observat ion schedule using 
SNAP commands The second i s  the  observat ion logging f i l e  using SNAP 
log  format. The t h i r d  i s  t h e  high dens i ty  da t a  tape  format. The 
fou r th  is t h e  A and B t ape  format a f t e r  t he  bandwidth syn thes i s ,  And 
t h e  l as t  is t h e  NGS card image format, 
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JPL/CIT BLOCK I1 V L B I  PROCESSOR 

David H. Rogstad 
John C. Peterson 

Correlation Systems Group 
Jet Propulsion Laboratcry 

California I n s t i t u t e  of Technology 
Pasadena, Cal i fornia  

Abstract 

Users of V L B I  a t  JPL and C I T  are Jo in t ly  funding and .implementing 
a Mark I11 compatible V L B I  correlat ion processor. This processor, 
referred t o  as Block 11, w i l l  begin operation by f a l l  of 1982. 

The Block I1 design is based on the JPL/CIT Mark I1 Processor and 
makes extensive use of R A M ,  ROM and programmable a r r a y  logic  t o  
implement its various functions, w i t h  control and modelling done in 
bit-slice microprocessors. The output lag-data are fast fourier-  
t ransformed (FFT) once per 100,000 b i t  times, and v a r i o u s  phase 
c o r r e c t i o n s  appl ied .  The co r rec t ed  data are accumulated i n  R A M  
where a two dimensional  FFT is performed t o  accomplish coherent  
in tegra t ion  over frequency and time. 

The processor  has been designed t o  o p e r a t e  up t o  8 Mbi ts  per  
It is c o n t r o l l e d  by a DEC VAX 11/780 computer, whioh is second. 

also used t o  perform all post-correlation analysis. 
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I. Introduction 

The'Deep Space Network and t h e  Geodynamics P r o j e c t  a t  t h e  Jet  Propuls ion  
Laboratory (JPL) together with the V L B I  Radio Astronomers on the campus of the 
California I n s t i t u t e  of Technology (CIT) are jo in t ly  funding and implementing 
a dark I11 compatible V L B I  Correlation Processor. This pocessor ,  referred t o  
as the  Block 11, w i l l  be located i n  the Astronomy Data Processing Fac i l i ty  on 
the CIT campus. 

This  paper describes. t h e  p r i n c i p l e  characterist ics of t h e  Block 11, and 
p r e s e n t s  s e v e r a l  block diagrams showing the  processor 's  o v e r a l l  des ign  
f e a t u r e s  and f u n c t i o n a l  operat ion.  F igu re  1 i n d i c a t e s  t h e  personnel  a t  J P L  
and CIT who are responsible for the design and implementation of the processor 
subsystem. I n  a d d i t i o n ,  some of t h e  main g o a l s  t h a t  have in f luenced  i t s  
des ign  are l i s t e d ,  t o g e t h e r  w i t h  t h e  desired complet ion date of fall-1982. 
The uses for such a processor include the normal astronomical appl icat ions of 
source  survey and source  s t r u c t u r e ,  as well as t h e  more r e c e n t  and e x c i t i n g  
appl icat ion of geodesy. 

11. Principle Charac teris ti cs 

The principle  characteristics of the Block I1 Processor are summarized i n  
figure 2. These include: 

- compatibil i ty wi th  the Haystack/Goddard Mark I11 tape format, consisting of 
28 p a r a l l e l  tracks of up t o  4 megabits/sec data rate,  p e r m i t t i n g  a u s e r  t o  
process Mark I11 tapes a t  either facil i ty;  

- a 3 s t a t i o n  c o r r e l a t i o n  c a p a b i l i t y  w i t h  spare  modules  in s u c h  a 
c o n f i g u r a t i o n  t h a t  process ing  of b s t a t i o n  data is poss ib l e ,  and w i t h  t h e  
added feature that expansion t o  7 s t a t i o n s  can be eas i ly  accomplished; 

- ganging of t h e  e i g h t  delay-lags i n  each frequency channel w i t h  those  in 
adjacent channels so that processing of a t  least one channel can be performed 
w i t h  as many as 224 lags, or 112 independent frequency b i n s  af ter  f o u r i e r  
transformation; 

- geometric delay for each station/channel accomplished i n  d ig i t a l  hardware 
u s i n g  R A M ,  rather than  by t imesynchron iz ing  t h e  data t a p e s  r e l a t i v e  t o  one 
ano the r  w i t h  time o f f se . t s  ( t h e  p re sen t  R A M  c o n s i s t s  of 16k x 1 c h i p s  g i v i n g  
de lays  of 0 t o  32 mi l l i sec  i n  each s t a t i o n  module, upgradable  t o  256k x 1 
ohips by simple replacement, giving 0 t o  512 mlllisec of delay); 

- geometrlc model phase and delay updates performed i n  microprocessors b u i l t  
i n t o  the  processor hardware us ing  cubic in te rpola t ion  f o r  the phase and l i n e a r  
in te rpola t ion  for the  delay, i n  order t o  remove the  model computing load from 
t h e  processor  c o n t r o l  computer (also being used f o r  p o s t - c o r r e l a t i o n  
processing) ; 
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0 PERSONNEL 

HARDWARE.- J. PETERSON, B. RAYHRER, M. EWING 

SOFTWARE - D. ROGSTAD, W. HAMMOND, J. VAVRUS 

J. DIUON, B. ESPINOZA 

GOALS 

GSFCIHAYSTACK MARK I I I COMPATIBLE PROCESSOR 

EXPANDABE TO AT LEAST 7 STATIONS 

PROTOTYPE FOR VLB l  ARRAY PROJECT 

USED FOR SURVEY, SOURCE STRUCTURE, GEODESY 

3 STATION OPERATION BY FALL, 1982 

Figure 1. Block I1 Implementation Personnel and Goals 

0 MARK I I I COMPATI B E  DATA INPUT FORMAT 

28 FREQ. CHANNELS, 3 STATION (EXPANDABLE TO 7) 

8 LAGSICORRELATORS, GANGING UP TO 224 LAGS 

GEOMETRIC DELAY IN HARDWARE (0-32 ms, EXP. TO 512 ms) 
DELAY AND PHASE UPDATES I N  MICROPROCESSORS 

FFT AND FRACT. BITSHIFT CORRECTION IN MICROPROCESSORS 

INTEGRATION INTERVALS FROM lo5 TO lo9 BIT-TIMES 

4 MULTl LEVEL (127) TONE-EXTRACTORSICHANNEL 

PHASE-CAL DETECTEDlAPPLlED IN REAL-TIME 
COHERENT-INTEGRATION OF FRINGES IN HIW (TENSOR) 

PROCESSING OF ORBITAL VLBl  DATA 
FRINGE RATES FROM 0 UP TO 1 CYCLEIBIT-TIME 
DELAY RATES UP TO 40 BITSIMEGABIT-TIME 

PROCESSING RATE OF 8 MEGABlTSlSEC 

Figure 2. Principle Characteristics 
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- F o u r i e r  t r ans fo rma t ion  from t h e  lag (delay)  domain i n t o  t h e  frequency 
domain, t o g e t h e r  w i t h  c o r r e c t i o n  of t h e  phase f o r  t h e  f r a o t i o n a l - b i t - s h i f t  
ermr made between pairs of stations, accomplished every 100,000 bit-times, in 
order t o  set up for the ooherent integrat ion across frequency channels; 

- e x t r a c t i o n  of up t o  4 phase-cal t o n e s  i n  each frequency channel for  each 
s ta t ion ,  using mult i level  tone ro t a to r s  simultaneously w i t h  normal processing, 
and appl icat ion of these phase-cal data t o  the  correlated data i n  real-time; 

- ooherent integrat ion of the correlated data across frequenoy channels  and 
time w i t h i n  t h e  Tensor hardware t o  produce bandwidth s y n t h e s i s  de lay  and 
delay-rate i n  real-time; 

- o a p a b l l i t y  of  handl ing t h e  phase and de lay  rates t h a t  are requ i r ed  t o  
process VLBI data taken with antennas orbiting the earth; 

- capabi l i ty  of processing either 8 megabit/sec data or lower bit-rate data a t  
faster than real-time rates. 

A l l  of these characteristics have been implemented t o  provide the power and 
f l e x i b i l i t y  required by the users  who are funding the proJect. A further goal 
has been t o  implement a processor with the latest LSI and V L S I  technology that 
can then serve as a basis f o r  any future  correlator development, par t icu lar ly  
t h e  NSF V L B I  Arraying projeo t .  A VLSI development p r o j e o t  I s  p r e s e n t l y  In  
progress a t  JPL t o  produce a single correlator  ch ip  containing 16 lags plus  20 
b i t s  of accumulat ion running a t  a maximum ra te  of 16 megabits pe r  second. 
This c h i p  should be avai lable  by the end of 1983. 

111. Functional Overview 

The architectural  des ign  of t h e  Block I1 Processor  has  been based on t h e  
CIT/JPL Mark I1 Correlator located on the  C I T  campus. Block I1 cons i s t s  of 28 
of these Mark I f  type  processors running i n  parallel ,  c o n t r o l l e d  by a VAX 
11/780 computer, as shown schematically i n  f i g u r e  3. Each of t h e  28 
processors handles the data received from an individual track on the u p t o -  
four input tape transports. 

Figure 4 shows a block diagram of one of the 28 channel processors, with the 
functions performed by each module. Separate control from the VAX computer is 
provided for the s t a t i o n  modules and the cor re la tor  modules. The bit-stream 
from each tape transport  is read i n t o  its corresponding s t a t i o n  module, where 
bi t -c lock and data-frame synchron iza t ion  is obtained,. Then t h e  data are  
wr i t ten  i n t o  dynamic RAM for accomplishing the necessary s t a t i o n  delay. A t  
t h e  a p p r o p r i a t e  time, t h e  data are read ou t  and s e n t  t o  t h e  s t a t i o n  phase- 
ca l ibra t ion  c i r cu i t ry  as well as over t o  the correlator modules. The phase- 
cal module cons is t s  of four tone-generators t h a t  are multiplied against  the 
data stream for detecting any phase-cal tones inser ted for calibration. The 
de lay  models, as w e l l  as t h e  f r equenc ie s  of t h e  tone-generators ,  are 
determined by t h e  VAX dr iver  computer. 

The correlator modules receive data from a pair of s t a t i o n  modules for the 
Addi t iona l  f u n c t i o n s  performed purpose of c r o s s - c o r r e l a t i n g  these data. 
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i nc lude  phase- ro ta t ion  of t h e  correlated data t o  compensate f o r  frequency 
dopp le r - sh i f t  due t o  t h e  earth’s r o t a t i o n ;  f o u r i e r  t r a n s f o r m a t i o n  of t h e  
delay-lag data i n t o  the  frequency domain and appl icat ion of a f rac t iona l  b i t -  
s h i f t  phase correction as well as the phase-cal corrections obtained i n  the 
s t a t i o n  modules; and f i n a l l y ,  accumulat ion i n  t h e  Tensor modules fo r  t h e  
coherent  in tegra t ion  operat ion.  The FFT o p e r a t i o n  from de lay  t o  frequency 
space occurs once every 100,000 bi t - t imes  I n  order t o  m i n i m i z e  the effects of 
delay smearing. 

I V .  Some Details 

More detailed block diagrams of the s t a t i o n  and correlator  modules are found 
i n  figures 5 and 6. Both of these modules are b u i l t  around AMD 2903 bit-slice 
microprocessor technology for performing t h e  c o n t r o l ,  model g e n e r a t i o n  and 
model updating functions, a well as interfacing t o  the  VAX control  computer. 

The s t a t i o n  module i n  f igu re  5 actual ly  resides within the electronics rack 
housing the  tape transport. Data from a tape track are input t o  the sync and 
decode circuitry,  which provides feedback t o  the  transport  for b i t  and frame 
sync c o n t r o l  as wel l  as time-of-day in fo rma t ion  t o  t h e  VAX fo r  m u l t i p l e  
t ransport  time-sync. The synchronized data are then wr i t ten  i n t o  dynamic RAM 
fo r  delay. These data are read from the RAM under control of the model delay 
contained i n  the delay register, and then passed onto the correlator module. 
The de l ay  l i n e  c o n s i s t s  of e leven  16k x 1 RAM c h i p s ,  p rovid ing  up t o  32 
millisec of delay f o r  the data and the  data control signals. The tone phase 
ro t a to r s  used t o  detect the phase-cal ca l ibra t ion  tones receive the same data 
as are s e n t  t o  t h e  c o r r e l a t o r s .  These data are used as one of t he  addres s  
b i t s ,  a long  w i t h  t h e  e i g h t  high-order b i t s  of t h e  phase number conta ined  i n  
t h e  phase register,  p o i n t i n g  i n t o  t h e  ROM for  o b t a i n i n g  the  product of tone  
s i n u s o i d  and t h e  V L B I  bit-stream data. T h i s  r e s u l t  is then  accumulated f o r  
100,000 bit-times i n  preparation f o r  being sent  off t o  the cor re la tor  module, 
and used t o  correct  the correlated data f o r  phase-cal. 

The c o r r e l a t o r  module is shown i n  f i g u r e  6. The i n p u t  t o  t h i s  module 
cons is t s  of two streams of ‘ V I 3 1  data and two streams of phase-cal data. The. 
V L B I  data from stream #1 are delayed by plus or minus one b i t  to  correct for 
t h e  de lay  e r r o r  sometimes made from q u a n t i z a t i o n  effects  i n  t h e  hardware 
implementation of the model delay. The data are then passed through an eight- 
lag s h i f t  register t o  obtain the spread i n  delay required f o r  processing. The 
V L B I  data from stream #2 are delayed su f f i c i en t ly  t o  place the zero delay-lag 
near the  mid-point position, and eight mul t ip l ie rs  take the product of the two 
bit-streams and t h e  c o r r e l a t i o n  phase- ro ta t ion  s iuso ids .  The r e s u l t s  are 
accumulated f o r  100,000 blt-times and then sen t  t o  the FFT microprocessor for 
t r ans fo rming  and a p p l i c a t i o n  of cor rec t ions .  The phase regis ter  f o r  t h e  
correlat ion doppler-phase correction is 64 b i t s  long t o  accommodate the cubic 
interpolat ion algorithms wi th  m i n i m a l  errors. 

A s  i n d i c a t e d  I n  f i g u r e  6 ,  t h e  c o r r e l a t e d  data  is passed on t o  t h e  Tensor 
memory f o r  performing coherent  i n t e g r a t i o n  of t h e  f r inges .  T h i s  c i r c u i t r y  
cons is t s  of large amounts of RAM storage, a 2903 bit-sllce microprocessor for 
FFT, and a MC68000 microprocessor for performing a l l  of the control and data 
m a n i p u l a t i o n  needed t o  perform t h e  i n t e g r a t i o n  f u n c t i o n .  After 
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t r ans fo rma t ion ,  selected p o r t i o n s  of t h e  data are s e n t  t o  t h e  VAX f o r  post-  
correlation processing. 

The de lay  and phase model u p d a t e  a lgori thms are summarized i n  f i g u r e  7. 
These provide a hardware implementation of cubic interpolat ion far phase, and 
a l i n e a r  interpolat ion f o r  delay. The same algorithms are used in t h e  s t a t i o n  
and the car re la tor  module microprocessors. As seen i n  the f igure,  model phase 
parameters, including phase, three time-derivit ives of the  phase, and a delta- 
phase f o r  c o r r e c t i o n  when the  d e l a y  changes by one b i t ,  are s u p p l i e d  by t h e  
VAX t o  t h e  processor  hardware and loaded i n t o  t h e  a p p r o p r i a t e  registers. 
Then, once every  5000 b i b t i m e s ,  t h e  v a r i o u s  d e r i v i t i v e s  a r e  added  
a p p r o p r i a t e l y  t o  accomplish t h e  cubic  in t e rpo la t ion .  The 64-b i t  wide 
registers guarantees that the  phase is always accurate t o  better than 1 part 
i n  10,000 f o r  as long  as 20 second of time w i t h  b a s e l i n e s  as large as 
1,000,000,000 wavelengths. The de l ay  algorithm need on ly  be l i n e a r ,  w i t h  
de lay  and de lay - ra t e  coming from t h e  VAX, and updates  i n  t h e  hardware 
occurring every 100,000 b i t - t imes  for normal processing, and every 5000 b i t -  
times for  o r b i t a l  VLBL 
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Nater vapor  radiometry: 
APPLICATION TO GEODETIC RADIO INTERFEROHETRY 

G. Elge red  

Onsala  Space Obse rva to ry  
Chalmers U n i v e r s i t y  of l e c h n o l o g y  

S-43900 Onsa la ,  Sweden 

ABSTRACT. The a c c u r a c y  of geodetic r a d i o  i n t e r f e r o m e t r y  
e x p e r i m e n t s  h a s  now reached a l e v e l  where one of t h e  main errors 
is t h e  e x c e s s  p r o p a g a t i o n  p a t h  caused by water v a p o r  t h r o u g h  
t h e  t r o p o s p h e r e .  The most p romis ing  instrument  t o  measure t h i s  
excess p r o p a g a t i o n  p a t h  is t h e  hater \rapor Radiometer ( I v V H )  . 
A h V R  has been c o n s t r u c t e d  a t  t h e  Cinsala Space Observatory and 
i e  now dedicated for  raaio interferometry. experiments The 
hVR measures t h e  sky b r i g h t n e s s  t e m p e r a t u r e s  a t  21.0 and 31.4 
CHz. These parameters can F i v e  a v a l u e  of t h e  w e t  p a t h  d e l a y  
wi th  a formal a c c u r a c y  around G . 5  cm i n  t h e  z e n i t h  d i r e c t i o n  
f o r  a large p e r c e n t  of t h e  time. l h i s  accuracy has been derived 
from compar i s ion  measurements w i t h  t h e  k V R ,  r a d i o s o n d e s ,  a n d  
an i n f r a r e d  spectral  hygrometer. 

INTRODUCTION 

R e f r a c t i v e  index  

The time of a r r i v a l  fo r  r a d i o s i g n a l s  propagat inR t h r o u p h  t h e  troposphere is 
a f f e c t e d  by v a r i a t i o n s  i n  t h e  r e f r a c t i v e  index  a l o n g  t h e  p a t h .  The r e f r a c t i v e  
index  a t  rad io  f r e q u e n c i e s  can be written a s  (Smith ana Weintraub 1953) 

n = 1 + 10-6( 77.6 6 P/T + 3.73 * 105 e/12). ( 1 )  

P and e are i n  m i l l i b a r s  and symbol i ze  t h e  t o t a l  p r e s s u r e  and t h e  p a r t i a l  
p r e s s u r e  o f  water v a p o r ,  r e s p e c t i v e l y .  I' is  t h e  absolute  temperature i n  degrees 
Kelvin . 

Excess  propagation pa th  

I n s t e a d  of t h e  d e l a y  i n  t h e  time of a r r i v a l ,  i t  is  e q u i v a l e n t  t o  de f ine  the  
e x c e s s  p r o p a g a t i o n  p a t h ,  AL, as 

a 

AL = lo2 (n- 1) / sin 8 dh. 
h0 

khere AL is i n  c e n t i m e t e r s ,  i f  t h e  he igh t  h is  e x p r e s s e d  i n  meters. The 
ground l e v e l  h e i g h t  is  h o  and e is t h e  e l e v a t i o n  a n g l e  of the propagation path. 
I n s e r t i n g  e q u a t i o n  ( 1 )  i n  e q u a t i o n  ( 2 )  g i v e s  by t h e  hand t h a t  AL c o n s i s t s  of 
two components. The first (dependen t  on t h e  t o t a l  p r e s s u r e  and about 2.3 meter 
i n  t h e  z e n i t h  d i r e c t i o n )  is  almost c o n s t a n t  and t h e  e x i s t i n g  v a r i a t i o n s  a re  
e a s y  t o  c a l c u l a t e  from ground p r e s s u r e  measurements (Pioran a n d  Rosen 1981) .  
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For t h e  second term, o f t e n  called the wet pa th  delay,  it is d i f ' f i c u l t  to  achieve 
h i g h  a c c u r a c y  by u s i n g  t r a d i t i o n a l  m e t e o r o l o g i c a l  measurements a t  t h e  ground. 
Ihe e x p l a n a t i o n  is t h e  low c o r r e l a t i o n  between t h e  water vapor  d e n s i t y  a t  t h e  
ground w i t h  t h a t  a t  higher - a l t i t u d e s .  It is b e l i e v e d  t h a t  unknown v a r i a t i o n s  
i n  t h e  wet p a t h  de lay  c o n t r i b u t e  w i t h  one of the p r inc ipa l  errors i n  t h e  geodetic 
p a r a m e t e r s  de t e rmined  i n  a Very Long b a s e l i n e  I n t e r f e r o m e t r y  (VLEI)  experiment 
(Shapi ro  1976). The demand for cont inuous  observa t ions  of t h e  w e t  pa th  de lay  
towards any  a rb i t r a ry  p o i n t  i n  the s k y  c a n  be met by using microwave radiometny. 

A water vapor  radiometer 

A microwave radiometer des igned  t o  be s e n s i t i v e  t o  water vapor  is general ly  
c a l l e d  a Water Vapor Radiometer ( W V R )  8 S e v e r a l  such  i n s t r u m e n t s  have been 
c o n s t r u c t e d  (Cu i raud  e t .  a l e  1979, Horan and Rosen 1981, and Iiesch 1982). The 
main d i f f e r e n c e s  b e t w e e n  t h e  e x i s t i n E  hVR:s are t h e  front-end c a l i b r a t i o n  
networks and t h e  f r equency  bands t o  be observed.  Primarily o n e  frequency close 
t o  t h e  water vapor  l i n e  a t  228235 GHz is needed, b u t  t o  be ab le  t o  make good 
o b s e r v a t i o n s  i n  t h e  p r e s e n c e  of l i q u i d  water ( c louds )  i n  the atmosphere a second 
f r equency  is n e c e s a r r y .  

b r ie f  theory  and approx ima t ions  

The theory  g i v e n  by Vu (1979) re lates  t h e  two s k y  b r i g h t n e s s  t e m p e r a t u r e s  
a t  t h e  f r equenc ie s  fl and f2 , measured w i t h  t h e  kVE t o  t h e  w e t  p a t h  d e l a y o  
The r e s u l t  is t h a t  when t h e  s k y  b r i g h t n e s s  t e m p e r a t u r e s ,  I A , ~ ~  and 7'' f p ,  have 
been l i n e a r i z e d  t o  1; t h e  f o l l o w i n g  l i n e a r  r e l a t i o n  is o b t a i n e d :  and Ti 

s 1  r 2  

I n  t h i s  r e l a t i o n  there are some hidden approx ima t ions ,  namely: 
1. The l i n e a r i z a t i o n  o f  t h e  measured s k y  b r i g h t n e s s  t e m p e r a t u r e s  ape nade 

w i t h  t h e  e x p r e s s i o n  

T' = T  - (T:ff - T bg )-1n(l - 
b 8 A , f  

(4) 

where Tbg is t h e  cosmic background r a d i a t i o n  of a b o u t  2.8 K, 

(5) 
- ho 

h0 

Teff m 
'I (h,e)dh I 

'c is  t h e  o p a c i t y  of' t h e  atmosphere d e f i n e d  a s  t h e  i n t e g r a l  of' t h e  t o t a l  
atmospheric a t t e n u a t i o n  c o e f f i c i e n t  a l o n g  t h e  p r o p a g a t i o n  pa th ,  
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and 

10 * 1 I 1 t I I 1 . 4 

t, : 19.0 IQO no za3 205 20.7 21.0 21.3 21.5 22.0 

b 

0 0.2 0.4 0.6 0.8 1 .O 1.2 
WEIGHTING FUNCTION [K'. km-'/(g/rn%Hr'fl 

Figure  1 .  The weight ing func t ion  f o r  d i f f e r e n t  v a l u e s  of t h e  
frequency f 
an atmospheric mean p r o f i l e  from May, 1980 t o  February, 1982. 

when f 2  is he ld  cons t an t  a t  31.4 GHz, c a l c u l a t e d  fo r  1 

m 

T = a(h)/sin 0 dh 
h0 

m 

S T a d h  

( 6 )  

(7) = h o  
*;f f m 

1 a d h  
h0 

The  parameters l&f and c a n  be  p r e d i c t e d  from ground temperature  
measurements b u t  t h i s  i n t roduces  an e r r o r .  To minimize these e r r o r s  t h e  da i ly  
maximum temperature  should be used. A one sigma error o f  about  3 K w i l l  t h e n  
be obtained for Teff and TLff . T h i s  error i m p l i e s  an  error  l e s s  t h a n  0.3 K 
f o r  sky br igh tness  teRperatures below 90 K. However, t h i s  approximation is of 
great importance when r a i n  or heavy r a inc louds  are present .  

2. The so called weight ing func t ion  h", which is w r i t t e n  
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Figure 2. The monthly means of the weighting function for the 
frequencies 21.0 and 31.4 GHz, from May, 1980, to April, 1981. 

Figure 3. The weighting function at different occasions in May, 
1980. The number at each curve is the date of the measurement. 
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is assumed t o  be c o n s t a n t  both w i t h  h e i g h t  and i n  time. The symbol a denotes  
t h e  water v a p o r  d e n s i t y  and CL t h e  a b s o r p t i o n  c o e f f i c i e n t  for  water v a p o r I  I n  
Fig. 1 t h e  w e i g h t i n g  f u n c t i o n V f o r  d i f f e r e n t  frequency pairs are shown, ca l cu la t ed  
for  a n  a t m o s p h e r i c  r e a n  p r o f i l e  d u r i n g  t h e  period from hay ,  1960, t o  February, 
1982, a t  Go thenburg -Landve t t e r  Airport ,  Sweden. The e x p r e s s i o n  for  t h e  water 
v a p o r  a b s o r p t i o n  c o e f f i c i e n t  u sed  is  e i v e n  by ha te rs  (1976) .  When choosing t h e  
f r e q u e n c y  p a i r ,  a compromize between hiRh s e n s i t i v i t y .  and a more or less cons tan t  
w e i g h t i n g  f u n c t i o n  has t o  be made. I n  Fip.2 t h e  mon th ly  means of t h e  weight ing 
f u n c t i o n ,  c a l c u l a t e d  for  t h e  f r e q u e n c i e s  of t h e  Onsa la  LVR (21.0 and 31.4 GHz), 
are shown* Fig.2 i l l u s t r a t e s  how k v  i n  e q u a t i o n  (3 )  v a r i e s  d u r i n g  t h e  y e a r r  
However, it c a n  be  corrected for  by a d j u s t i n g  G;' e v e r y  month or somewhat longer  
time p e r i o d s  based  on meteorological s ta t i s t ics .  U n f o r t u n a t e l y  there are also 
short  time v a r i a t i o n s  where t h e  v a l u e s  of t h e  w e i g h t i n g  f u n c t i o n  a t . t h e  ground 
have  low c o r r e l a t i o n  w i t h  v a l u e s  a t  h igher  a l t i t u d e s .  T h i s  i s  shown i n  Fia.3, 
where t h e  w e i g h t i n g  f u n c t i o n  has been c a l c u l a t e d  for  some d i f f e r e n t  radiosonde 
profiles measured i n  May, 1460. A p o s s i b i l i t y  t o  correct a l so  for  t h e s e  
v a r i a t i o n s  is t o  i n c l u d e  a t h i r d  radiometer c h a n n e l ,  which  can g i v e  information 
a b o u t  t h e  t e m p e r a t u r e  p r o f i l e  i n  t h e  t r o p o s p h e r e .  For exampel  o n e  c h a n n e l  a t  
53.7 GHz w i l l  g i v e  a n  a c c u r a c y  of a b o u t  2 Ii rms f o r  t h e  t e m p e r a t u r e  p ro f i l e  i n  
t he  lower 5 t o  6 kilometers (Skoog 1962) .  T h i s  a l so  i n p l i e s  t ha t  the  e f f e c t i v e  
t e m p e r a t u r e s  of t h e  atcosphere c a n  be d e t e m i n e d  w i t h  h i g h e r  a c c u r a c y  (see 
above)  

3. D i s c r e p a n c y  froir t h e  t h e o r y  for  t h e  a b s o r p t i o n  c o e f f i c i e n t  o f  l i q u i d  
water. The a s s u m p t i o n  ~ 1 %  f 2  ( S t a e l i n  1966)  g i v e s  

(T - T . 
w h e r e  a. i s  t h e  a b s o r p t i o n  c o e f f i c i e n t  c a u s e d  b y  o x y g e n  o n l y .  T h i s  

a p p r o x i m a t i o n  is i r r p o r t a n t  o n l y  for  large water l i q u i d  d r o p s ,  i.e. r a i n f a l l .  

F i n a l l y  it s h o u l d  be ment ioned  t h a t  t h e  a p p r o x i R a t i o n s  m e n t i o n e d  so f a r  
c o n c e r n s  t h e  t h e o r y .  I n  order t o  o b t a i n  t h e  t o t a l  a c c u r a c y  the  pure measurement 
errors h a v e  t o  be added. 

ThE. kAlEh VAFOH HADIOMETER 

The p r e s e n t  W R  system a t  t h e  Onsa la  Space O b s e r v a t o r y  is shown as a block 
d i a g r a m  i n  F i g . 4 ,  a n d  t h e  most i n t e r e s t i n g  block c o n c e r n i n g  t h e  microwave 
radiometer i s  e x p a n d e d  i n  Eig.5. h o w e v e r ,  o n l y  o n e  f r e q u e n c y  c h a n n e l  is  
included,  whereas t h e  design is i d e n t i c a l  for the  two channels .  The s p e c i f i c a t i o n s  
fo r  t h e  microwave radiometer are  summarized i n  Table 1. 

OESERVATIONAL RESULTS 

Comparison measurements  h a v e  been  made w i t h  t h e  bVh, a n  i n f r a r e d  spec t r a l  
hygromete r  (IRSli), and r a d i o s o n d e s  a t  Go thenburg -Landve t t e r  Airport i n  Pay and 
J u n e ,  1980. The r e s u l t s  are summarized i n  Table 2 (see a l so  Elgered ( 1 9 8 2 ) ) .  
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TABLE 1, 
W E  I VFR PAR AMETERS FOR THE WATER VAPOR RADIOMETER, 

PARAMETER 21D0 AND 31.4 GHZ CHANNEL 
~ ~~~~ 

ANTENNA TYPE 

ANTENNA BEAM (FULL WIDTH, HALF MAXIMUM) 
REFERENCE LOAD TEMPERATURES 
I F  BANDWIDTH (DOUBLE SIDEBAND) 
SYSTEM NOISE TEMPERATURE (AT MIXER INPUT) 
RMS NOISE FLUCTUATIONS (1 SECOND INTEGRATION) 
RESOLUTION (DETERMI NED BY A/D CONVERTER) 
ABSOLUTE ACCURACY 

CONICAL HORN, 

6 
77 AND 313 
500 
550 
0.04 
0.3 
1 

D I ELECTR I C  LCAD 
DEGREES 
K 
MHz 
K 
K 
K 
K 

RADIOMETE y 
POWER SUPPLY 

WVR SITE 
CONTROL ROOM 

---- 
MICRO 

TERMIN PROCESSOR 

SCFTWARE 
TESTS LOCAL 

TRANCEM 

&TO HOST (RS-232)  

"ORN ANTENNA v. U 

DICKE 
SWITCH 

@A($F 
GUNN- 
DlOD 0SC.l  

1 
I 
I 
I 
I 
I 

:t CAL. SWITCH 

I 
REF. LOADS 
77/ 313 K 

I 
L,,,,- 1 

I 

MULTl PLEXER 

V ' - 1  
I : !  
1 1 9  

' ] I A / D  CONV. I 
INTERFACE C IRC U17S I 

TO CON?ROL UNIT 

Figure 4. The radiometer system at Figure 5. One of the two channels in 
the Onsala Space Observatory, Sweden. the microwave radiometer block shown 

in Fig. 4. 
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Fig. 6 shows an exanple of more continuous measurements made during r ad io  
interferometry experiments. Data have been taken a t  d i f f e r e n t  azimuth and 
elevation angles (towards the sources observed wi th  the in t e r f e romete r )  and 
converted to  the zenith direction by assuming a ho r i zon ta l  and homogeneous 
atmosphere. 

DISCUSSION 

First of a l l  i t  has t o  be pointed out that  absolute errors of the instruments 
i n  Table 2 are  unknown. However, t h i s  should not have p rea t  importance f o r  
the application of tropospheric path length  corrections i n  a radio interferometry 
experiment. Given that  there are  enoueh of' independent observations t o  a l s o  
solve for t h e  parameter kif  a t  each s ta t ion ,  the influence of absolute e r r o r s  
are minimized and also the b e s t  value of kif w i l l  be found (see eq. ( 3 ) ) .  This 
value w i l l  not be based on meteorological s t a t i s t i c s  from the past ,  a s  i n  the 
al ternat ive method mentioned i n  the introduction. 

Table 2 can also give u s  sone indications of t he  formal accuracy of t he  
instruments. Assuming uncorrelated errors  and conbining l i n e s  1,2,  and 6 i n  
Table 2, gives that  the kVR has t h e  highest formal accuracy, b u t  due t o  the  
small number of comparision measurements w i t h  t h e  h V R  and t h e  IRSL t h e  r m s  
value is rather uncertain. Another possibi l i ty  t o  estimate the formal error of 
the k.VR is to  assume an error  of the radiosonde. A t  t he  ground, when i t  is 
calibrated,  the radiosonde has an error  which corresponds t o  about 0.3 cm rms 
i n  the wet path delay, b u t  the error  a t  higher a l t i tudes  can be several times 
larger. The rms difference of 0.2 cm on l i n e  5 i n  lable  P is  t h e  error caused 
by the approximations Eade i n  the theory (discussed above). 

TABLE 2, 
ZENITH RMS DIFFERENCES OF THE WET PATH D E LAY M EASURE D W I T  H V A R I  OS INSTR U E T  M N S, 

RMS DIFFERENCE 
(CM) 

IRSH = INFRARED SPECTRAL HYGROMETER, RS = RADIOSONDES, AND WVR = WATER 
VAPOR RADIOMETER, 
THE PARAMETERS v i  AND v2 FROM THE IRSH AND T;,21 AND T;,31,4 FROM THE WVR 
ARE FITTED TO THE WET PATH DELAYJ&, CALCULATED FROM 
31 DATA POINTS. 
40 DATA POINTS. 
THE ANTENNA TEMPERATURES ARE THEORETIC, AND CALCULATED 
SONDE PROFILES, 
7 DATA POINTS. 

RADIOSONDE MEASUREMENTS 

FROM RADIO- 
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F i g u r e  6 .  Measurements of t h e  w e t  p a t h  d e l a y  d u r i n g  t w o  
d i f f e r e n t  VLBI exper iments .  Each dot  is one o b s e r v a t i o n  
towards a r a d i o  s o u r c e ,  and t h e  v a l u e  h a s  been c o n v e r t e d  
t o  t h e  z e n i t h  d i r e c t i o n .  

I n  Fig.6 it is shown t h a t  t h e  wet pa th  d e l a y  can  b o t h  v a r y  r a p i d l y  o r  b e  
r a t h e r  s table  o v e r  time p e r i o d s  of s e v e r a l  hours.  however, as expected for t h e  
t h e o r y  descr ibed  here, measurements made d u r i n g  r a i n f a l l  are n o t  reliable.  
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THE APPLICATION OF WATER VAPOR RAD1 METRY 
TO GEODETIC RADIO INTERFEROMI(TRY 8 

George M. Reach and Robert B. Uller 

Jet Propulsion Laboratory 
California I n s t i t u t e  of Teohnology 

4800 Oak Grove Drive, Pasadena, California 91109 
U. S. A. 

ABSTRACT. A s i g n i f i c a n t  l i m i t a t i o n  t o  t h e  
accuraoy of spaced-based miorowave geodetic systems 
is set by our a b i l i t y  t o  model or measure the delay 
imposed by t ropospheric  water vapor a long  t h e  
s i g n a l  path. T h i s  so-oal led vapor de l ay  can be 
measured using a dual channel microwave radiometer 
(Le. a water vapor radiometer) w i t h  an accuraoy of 
approximate ly  1 om and a p r e c i s i o n  of 1 mm. We 
d e s o r i b e  the  c o n s t r u c t i o n  and performance of t he  
ourrent generation of these instruments that have 
been deployed i n  order t o  support VI51 experiments 
i n  t h e  U.S.A., A u s t r a l i a ,  and Spain. P re l imina ry  
r e s u l t s  from a direct.comparison between the  water 
v a p o r  r a d i o m e t e r s  and a o o n n e c t e d  e l e m e n t  
i n t e r f  erometer are presented.  and t h e  geode t io  
imp1 1 oa t ions  d i  scusse d. 

. ~ o ~ ~ ~ ~ ~ . ~ l o ~ o o ~ o o o l ~ ~ . ~ o o ~ o o . o ~  

lThis paper represents  the  r e s u l t s  of one phase of research carried out a t  
the Jet Propulsion Laboratory, California I n s t i t u t e  of Technology, under 
oontract to  the National Aeronautics and Space Administration. 
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Back i n  1974 a group of worke r s  a t  t h e  Je t  P r o p u l s i o n  L a b o r a t o r y  was 
involved i n  a modest research  and development effort t h a t  was then known 
as ARIES - Astronomical Radio I n t e r f e r o m e t r i c  Earth Surveying (MacDoran, 
1974). A t  that  time we were convinced  t h a t  i n t e r f e r o m e t r i c  t e c h n i q u e s  
would produce  3 t o  5 om. b a s e l i n e  measurement  a c c u r a c i e s  i n  j u s t  a few 
yea r s  - if only the  water vapor problem could be solved! By t h i s  I refer 
t o  t h e  f ac t  t h a t  a t m o s p h e r i c  water vapor  s lows a r ad io  wave p a s s i n g  
through it. In te r f e romet r i c  techniques ,  which  measure t he  d i f f e r e n t i a l  
time of a r r i v a l  of t h e  wave f r o n t ,  mus t  a c c o u n t  for t h i s  s lowing .  
Unfortunately, water vapor is not  a well mixed atmospheric cons t i t uen t ,  
and as a r e s u l t  it is d i f f i c u l t  (of ten impossible)  t o  estimate the l i ne -  
o f - s i g h t  vapor  u s i n g  s u r f a c e  measurements  t o  better t h a n  10-15 om. 
Thus, the l ine-of-sight vapor delay must be measured. The essence of the 
idea is  t o  measure t he  b r i g h t n e s s  t e m p e r a t u r e  of t h e  a t m o s p h e r e  a t  two 
frequencies ,  one frequency a t  or near  22.235 Ghz where there is s p e c t r a l  
emission from the  water vapor molecule, and a second measurement a t  31.4 
Ghz which is a frequency where the atmosphere is r e l a t i v e l y  transparent.  
I n  t h e o r y ,  these two measurements ,  on and o f f - t h e - l i n e ,  p r o v i d e  a n  
estimate o f  the line-of-sight delay Imposed by the vapor. 

I n  F i g u r e  1 we show t h e  r e s u l t s  of one of o u r  e a r l y  exper iments  t h a t  
convinced us that we could estimate vapor delay d i r ec t ly .  We compared the  
measurements  made w i t h  a borrowed water vapor  radiometer (WVR) w i t h  
radiosonde measurements and measurements made by an instrumented aircraft 
that flew a path approximating one of seve ra l  l ine-of-s ight  ' paths  through 
the  atmosphere. The data shows t h a t  the radiometric technique could be 
used  t o  estimate t h e  vapor  d e l a y  c o r r e c t i o n  w i t h  a n  a c c u r a c y  of be t te r  
than 2 cm. under most weather conditions.  

A t  r o u g h l y  t h e  same time t h a t  t h e  C r u s t a l  Dynamics Pro jec t  was 
beginning, w e  began t o  cons t ruc t  eight water vapor radiometers t h a t  were 
i n t e n d e d  t o  s u p p o r t  t h e  VLBI e f fo r t  w i t h i n  t h e  P r o J e c t  and JPL's Deep 
Space  T r a c k i n g  Network (DSN). F i g u r e  2 is a pho to .o f  one  o f  these new 
instruments.  It was designed t o  be both an i n t e g r a l  part of the Mark I11 
data a c q u i s i t i o n  sys t em t h a t  is now i n  use  by t h e  Project,  and t o  be a 
gene ra l ly ' u se fu l  support  instrument  for the  radio obse rva to r i e s  where they 
would be located. The uni t  c o n s i s t s  of three modules; a microwave module, 
a pos i t ioner ,  and a cont ro l  module. The microwave module comprises two 
independent Dicke radiometers opera t ing  a t  the f requencies  of 20.7 Ghz and 
31.4 Ghz. The choice of 20.7 Ghz as t h e  vapor  s e n s i t i v e  f r e q u e n c y  
sacr i f ices  some s e n s i t i v i t y  bu t  m i n i m i z e s  errors due t o  t h e  v e r t i c a l  
d i s t r i b u t i o n  of t h e  vapor. These r a d i o m e t e r s  n o r m a l l y  r u n  i n  t h e  
unbalanced mode and are provided w i t h  i n t e r n a l  te rmina t ions  i n  order t o  
calibrate t h e  ga in .  A special  f e a t u r e  is t h e  use  of ve ry  low s i d e l o b e  
horns which s i m p l i f i e s  the i n t e r p r e t a t i o n  of  the data. Unfortunately,  the  
p e n a l t y  fo r  u s i n g  these h o r n s  i s  t h a t  t h e i r  bu lk  d o m i n a t e s  t h e  s i z e  and 
weight of the microwave module. The pos i t i one r  is unremarkable except for  
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t h e  f ac t  t h a t  i t  i s  v e r y  inexpens ive .  .We s i m p l y  modif ied a d e v i c e  
normally used t o  pos i t i on  outdoor video cameras so t h a t  we could read  its 
p o s i t i o n  much more a c c u r a t e l y  t h a n  we cou ld  a c t u a l l y  p o i n t  it. The 
cont ro l  module provides t h e  c a p a b i l i t y  of local con t ro l  and monitoring of 
t h e  o the r  modules (which is usefu l  for d i agnos t i c  purposes), and conta ins  
a small microcomputer that provides a modicum of intelligence t o  the WVR 
as well as a g e n e r a l  purpose  i n t e r f a c e  t o  o the r  machines.  These e i g h t  
WVRs were constructed,  tested, and calibrated a t  JPL. Beginning i n  late 
1980 they  were deployed  t o  t h e  Owens Valley Radio Obse rva to ry ,  t h e  
Haystack Observatory, the Harvard Radio Astronomy S t a t i o n  (at Ft. Davis, 
Texas) ,  and two u n i t s  went  t o  s u p p o r t  t h e  mob i l e  VLBI  a n t e n n a s  t h a t  we 
o p e r a t e  a t  JPL. One WVR was r e c e n t l y  sh ipped  t o  t h e  DSN s t a t i o n  i n  
A u s t r a l i a  and a n o t h e r  w i l l  be sh ipped  t o  t h e  DSN s t a t i o n  i n  S p a i n  n e x t  
fall. The e igh th  WVR w i l l  be i n s t a l l e d  a t  the Maryland Pa in t  Observatory 
a l s o  next fall. 

A primary concern wi th  any new instrument  is t h e  i n t r i n s i c  s t a b i l i t y .  
Since we are looking a t  a noise- l ike signal i n  the  presence of instrument  
noise  we must determine a t  what l e v e l  can we be l ieve  small f l u c t u a t i o n s  i n  
the output  of t h e  WVR. Figure 3 i n d i c a t e s  t h e  t y p i c a l  s t a b i l i t y  of one of 
o u r  new radiometers. I n  order  t o  take t h i s  data we covered  bo th  ho rn  
a n t e n n a s  w i t h  microwave a b s o r b i n g  material t h a t  was heated t o  a 
t e m p e r a t u r e  of 100°C. The u n i t  was p l aced  outdoors  i n  t h e  w e a t h e r  and 
each channel was sampled and averaged 48 times every minute. The ga in  was 
sampled  and ave raged  e v e r y  15 minu tes ,  and a l l  data was w r i t t e n  t o  a 
f loppy  d i s k  and p r o c e s s e d  a t  a l a te r  time. The b r i g h t n e s s  t e m p e r a t u r e s  
and t h e  path delay were ca lcu la ted  using an algorithm that was previously 
de te rmined .  S i n c e  w e  are l o o k i n g  a t  a f i x e d  t e m p e r a t u r e  target  and n o t  
t h e  sky ,  t h e  p a t h  d e l a y  v a l u e s  have no phys ica l  meaning so we have  
s u b t r a c t e d  o u t  t h e  a v e r a g e  v a l u e  i n  t h i s  s l i d e .  The R M S  v a l u e  of t h e  
f l u c t u a t i o n s  for this 24 hr period i s  0.12 cm. Unfortunately, we cannot 
con t ro l  the aperture load t o  better than a few ten ths  of a degree and as a 
r e s u l t  we suspect  that the t rends  that you see both a t  the beginning and 
t h e  end of t h i s  data set represent  real changes i n  what should have been a 
stable target. The theoretical RMS of a perfect radiometer sampled as we 
have done i n  t h i s  t e s t  would be 0.06 cm. A s  you can see, there are  
periods of a few hours dura t ion  where the real radiometer approaches t h i s  
l i m i t  . 

From the data taken by our group a t  JPL as well as seve ra l  other groups 
such  as Guiraud LL 1979, o r  Moran and Rosen, 1980; there i s  l i t t l e  
doubt t h a t  t he  WVR can measure water vapor. However, u n t i l  recent ly ,  it 
h a s  n o t  been c lear  how much b e n e f i t  t h e  WVR would p r o v i d e  t o  a rea l  
i n t e r f e r o m e t e r .  Keep i n  mind t h a t  t h e  V L B I  error budget  is  a complex 
c o l l e c t i o n  of s e v e r a l  error s o u r c e s  t h a t  must  a l l  be r educed  i f  water 
vapor effects are t o  predominate. If the error budget is dominated by t h e  
clock performance or by ionospheric  errors then WVR suppl ied co r rec t ions  
m a y  have l i t t l e  effect on the  data qual i ty .  Also, there is a considerable  
e f f o r t  i n v o l v e d  i n  V L B I  data r e d u c t i o n  and i t  is done after t h e  
experiment. This  d i f f i c u t y  i n h i b i t s  the tak ing  of large amounts of data 
and i f  there is something amiss during the  experiment t he  observer o f t e n  
does not  discover  the f a u l t  u n t i l  s eve ra l  months after the data has been 
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taken. These cons idera t ions  l e d  u s  t o  cooperat ive experiment wi th  of the 
National Radio Astronomy Observatory i n  which we compared the  output  from 
two of t h e  WVR's wi th  the output from one of t h e  in t e r f e romete r s  t h a t  make 
up t h e  Very'Large Array (Resch, Napier and Hogg, 1982). 

The W V R s  were mounted i n  t h e  apex  feed area of a V L A  25 meter antenna.  
The WVR horns were aimed a t  the  sub re f l ec to r  so t h a t  w e  used most of the 
25 meter a p e r t u r e  and our beam was o f f se t  from t h e  beam of t h e  main 
a n t e n n a  by a few m i n u t e s  of arc. A c t u a l l y ,  t h e  concep t  of t h e  a n t e n n a  
beam for the WVR channels is irrelevent i n  t h i s  case since t h e  near f i e l d  
of t h e  a p e r t u r e  e x t e n d s  for o v e r  6 0  km. Most of t h e  atmospheric water 
vapor  is c o n f i n e d  t o  t h e  lower 3 or  4 km of t h e  a tmosphe re  and is 
therefore a near - f ie ld  phenomena. This means tha t  both t h e  in t e r f e romete r  
and t h e  WVR are s e n s i t i v e  t o  whatever vapor passes through the c y l i n d r i c a l  
column of 25 m diameter t h a t  e x t e n d s  from each a n t e n n a  through the  
troposhpere. 

Figure 4 shows t h e  r e s i d u a l  phase of the in t e r f e romete r  versus  time for  
a p e r i o d  of 1.5 h r  on 23 J u l y  1981. During  t h i s  per iod  and f o r  p a r t  of 
t h e  f o l l o w i n g  day t h e  weather was h i g h l y  dynamic. Scattered 
thunderstorms were present  i n  t h e  nearby moutains and over t h e  array.  
For  pa r t  of the  per iod it was r a i n i n g  o v e r  one  end of t h e  array and 
c l o u d l e s s  o v e r  t h e  o the r  end. On the  day of t h i s  e x p e r i m e n t  t h e  
a r r a y  ex tended  o v e r  an  area 11 km i n  diameter and t h e  W V R s  were 
mounted on t w o  elements t h a t  composed a 7 km baseline. The dotted l i n e  
is the r e s i d u a l  phase of the in t e r f e romete r  containing the WVRs. The 
first th ing  t o  n o t i c e  is t h e  magnitude of the phase changes which I have 
expressed i n  cent imeters  - u n i t s  of r e s i d u a l  delay. Even on base l ines  as 
short  as 7 km w e  see path delay d i f f e rences  on the order of 6 om. 
The output from each WVR is used t o  compute a l ine-of-s ight  path delay 
and these two q u a n t i t i e s  are t h e n  d i f f e r e n c e d  t o  form a phase  
c o r r e c t i o n  for  t h e  i n t e r f e r o m e t e r  ou tput .  The re  is a somewhat 
a r b i t r a r y  b i a s  between these two observables  that we remove and then 
a p p l y  t h e  WVR c o r r e c t i o n  t o  t h e  VLA data. The s o l i d  l i n e  shows t h e  
dramatic improvement  i n  t h e  r e s i d u a l  a f te r  t h i s  c o r r e c t i o n .  Before 
c o r r e c t i o n  t h e  R M S  of t h e  data was 1.5 cm. After t h e  c o r r e c t i o n  the  
RMS dropped t o  0.3 cm = an improvement by a factor of f ive1  

While this data is impressive it still does no t  mean t h a t  w e  can expect 
a n  immediate improvement  i n  t h e  q u a l i t y  of VLBI data. As w e  n o t e d  
previously,  the V L B I  error budget is a complex c o l l e c t i o n  of sources 
so t h a t  the reduct ion  of one cont r ibu tor  w i l l  not  necessa r i ly  show up i n  
the  square root of the sum of the squares. Another important  po in t  t o  
keep i n  mind i s  t h a t  w e  s t i l l  have  n o t  addressed the  problem of 
abso lu te  c a l i b r a t i o n  of these new WVRs. A t  some po in t  i n  the very near 
f u t u r e  they must be compared w i t h  some independent method of measuring 
path delay,  such as radiosondes. Data that we have taken seve ra l  years 
ago, and t h e  r e s u l t s  from o t h e r  worke r s  s u g g e s t  t h a t  a n  a . b s o l u t e  
accuracy on t h e  order  of 1 om can be expected. With an accuracy of 1 cm 
and a p r e c i s i o n  of 1 m m  as i n d i c a t e d ' b y  o u r  data, we can  conc lude  t h a t  
t h e  vapor problem i n  VLBI can be reduced t o  a neg l ig ib l e  proportion. 
Pe rhaps  more i m p o r t a n t  i s  t h e  p o s s i b i l i t y  t h a t  these r e s u l t s  h o l d  
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the promise of exploit ing the extraordinary precision inherent in 
t h e  s e v e r a l  proposed sytems t h a t  u t i l i z e  t he  NAVSTAR/GPS for  geode t io  
measurements. 
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Past summaries of the WWlRL Green Bank Interferuneter Program 
(Johnston, et al., 1979; Klepczynski, - et -* a1 , 1980;) have briefly 
described the history of the program, outlined the derivation of 
Earth rotation paremeters fran the observed baseline changes, and 
presented preliminary results of the data. Subsequent papers 
(McCarthy, et al., 1979; McCarthy, - et -. a1 9 1980; McCarthy, 1981) 
have traced in m r e  detail the procedures for obtaining estimates of 
Earth rotation paremeters, discussed the effects of systenatic 
errors, listed results, and cunpared the connected elenent 
interferaneter ( ( X I )  results with the results of other techniques. 
This report discusses forthcaning inprovements to the (XI  which 
include adding a new baseline, improving the distribution of 
observed'quasars, incorporation of a new atmospheric d e 1  used in 
the reduction of data, and utilization of water vapor radianeters to 
determine a differential phase correction based on the measured 
m u n t  of water vapor as seen along the line of sight of two 
interferaneter elenents. 

In interferanetry, the relative phase difference of the wavefront 
inpinging on two separated antennas is the fundmental observered 
quantity. If the position of the quasars are precisely known, if 
models for a nurber of systemtic effects are known, and if all 
instrurrental effects are available, then the difference between the 
observed phase angle and that predicted by theory, for each source, 
would precisely determine Universal Time (UT) and Polar Motion 
(PM). The improvements described in this paper are atterrpts to 
reduce the phase scatter in consecutive observations as well as the 
seasonal (long-term) drift observed in the phases. Reduction of the 
short-term (scan-to-scan) scatter will result in inproved precision 
for the daily estimates of polar motion (PM) and universal time (UT) 
as vie11 as less scatter between consecutive values; while reduction 
of the seasonal drift will result in reduction of the annual term 
exhibited in the carparison of the interferuneter results with those 
derived fran the Bureau International de 1'Heure (BIH) (see Figs. 
la-d, Figs. 2a-d and Figs. 3a-b). 
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Pig. la. OPrQarison of VLII-UlC as determined by the (SI 
(-1 with BIH for the year 1979. 

Pig. lb. QrQarison of UFoYllc as detennined by the CEI 
(IBbD) with BIH for the year 1980. 
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Pig. 2a. -risen of the Variation in Latitude as detennined by the 
=I (lBN3) with BIH for the year 1979. 
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Fig. Zc. Cargarison of the Variation in Latitude as determined by the 
CBI (m) with.BUI for the year 1981. 
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The new baseline, approximately orthogonal to the 35 Ian baseline, 
will allaw the interferaneter to resolve all three carponents of the 
Earth's rotation. By inproving the distribution of observed 
sources, it is hoped that values for UT, and x,y of AM will be 
determined at intervals shorter than the present three day 
average. Introduction of an inproved atmospheric model should aid 
in systematically reducing the annual term that is seen when ' 

cargaring interferaneter data with the BIH. Inaccuracies in our 
present model for the dry canponent of the atmosphere are primarily 
responsible for this seasonal term. The use of water vapor 
radicmeters will help reduce the daily point-to-point scatter 
between observed ten minute n o m 1  points, and the annual term seen 
in the mean errors associated with the determined values of UT and 
AM should be reduced. In addition, the reduced scatter between 
consecutive observations and an improved observing schedule of 
quasars, should ensure the determination of UT and AM at more 
frequent intervals. 

B. NW BASELINE AI=DITION 

Figure 4 shows the current distribution of interferaneter 
elenents. The three 26 m antennas designated 85-1, 85-2, and 85-3, 
which made up the original interferaneter, are aligned 28O fran an 
East-West line (Hogg, et al., 1969). A fourth elanent, a 14 m 
antenna, lies 35 lan to the South-West of the three 26 m antennas. 
Unfortunately, although there are three separate long baselines 
m n g  the four antennas, they are effectively parallel so that they 
cannot be used to resolve all three cargonents of the Earth's 
rotation (UT and x,y coordinates of PM). The new antenna will be 
located 32 lan to the Northwest of the 26 m telescopes on a line 
orthogonal to the present baseline. 

The new 14.2 m telescope is naw under construction. It should be 
delivered to the site sanetime in Septenber 1982. hring the winter 
of 1982-83, a new microwave link will be constructed for the base- 
line. The new link will operate at a frequency of 17.5 (34~. I t  
w i l l  also replace the present l ink ,  which operates  at 1347.5 NHZ and 
occasionally interferes with sane observing program on other 
telescopes at the site. Besides renoving this source of 
interference, the new link will also have additional channels which 
will allow for the transnission of video signals for the ranote 
visual inspection of the antennas. 

Present plans do not call for the replacanent of the telescope 
control computer. Therefore, one of the 26 m telescopes will be 
renoved fran service and the cables fran and to the new telescope 
will be put in its place. Software changes to allaw this alteration 
will bemade during the sunner of 1983. 

Operation of the new baseline is expected to begin in Septenber- 
October 1983. 
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. Initially, the catalog used for the positions of all the quasars in 
the observing progrm was that of Wade and Johnston (1977). After a 
few months observations, several of the positions were slightly 
improved and sane sources added and sane dropped (Klepczynski, - et ,*, a1 1980). Recently, Kaplan, -- et al. (1982) have constructed a 
catalog utilizing observations made fran October 1979-February 
1980. This catalog now f o m  the basis for the observing program. 

In order to prevent a discontinuity in the values of UT and AM when 
the new catalog went into effect, an adjustment in the reference 
baseline was made. The mount of the adjustment was deduced fran 
the observed changes in the positions of the quasars and verified by 
re-reducing selected solutions throughout the year. 

IXlring the formation of the new catalog, it had been found that the 
position of the quasar 1226+023 (X273B) , which determines the zero 
point of the catalog right ascensions, was not consistent with that 
of the other 15 quasars. Because of this, the right ascension 
system of the new catalog is effectively shifted 2.8 ms fran the 
right ascension systen of the old catalog. Because of the shift in 
the right ascension system, a cargensating shift should be seen in 
the values of Ul' based on this new catalog when carpared with values 
of Ul' based on the old catalog. Selected dates during 1981 were 
chosen and the data were re-reduced identically in all measures 
except for using the newly determined quasar positions. Table I 
sunnarizes the results of the carparison of the new values with the 
old values. It is seen that there is a systematic difference in Ul' 
of 2.8 ms, the amount by which the right ascension systen of the new 
catalog was shifted. It can also be seen fran Table I, that the 
introduction of the new catalog has reduced the m a n  error of the 
uIy)-UlC determinations. Pran the interferaneter data published in 
the BIH annual reports, it can be seen that the internal mean errors 
for the solution of Ul' based on three days of data range fran 0.4 m 
during the best observing period in winter to about 2.0 m during 
the surmer months. 

The spatial distribution of quasars used in the current observing 
progran is not sufficient to allow for reliable solution of Ul' and 
PM and other unknowns using less than three days of data. In order 
to renedy this deficiency, additional sources will be added to the 
.observing program. Positions for these new sources will be 
determined during the caning year. 'Itvo new sources will be observed 
each month. Each source is brighter than one Jansky at both S and X 
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'WfE I - Cmpnrison of and AVI Based an Old and New atalogo.  

15 Jm 81 
15 Apr 81 
31 Jul 81 
15 Oet 81 

-092121 + 0!0005 
-0.4390 Ti 0.0008 
+0.3397 'i 0.0012 
+0.2005 7 - 0.0008 

%ld 

15 Jan 81 

31 Jul 81. 
15 Oet 81 

-0?3202 + OP0068 

-0.1232 7 0.0146 
-0.3002 7 - 0.0093 

15 Apt 81 -0.2421 7 0.0102 

-0!2150 + 0!0004 
-0.4416 7 0.0007 
+0.3369 T 0.0010 
+0.1977 7 - 0.0007 

-0?3104 + 0?0046 
-0.2333 0.0090 
-0.1157 7 0.0132 
-0.2840 7 - 0.0083 

2.9 mp 
2.6 
2.8 
2.8 

Old-New 

-0?0098 
-0.0088 
-0.0075 
-0 0162 

band frequencies and unresolved over the various baselines of the 
interferuneter. The intent is to use these observations to irprove 
their positions and thus put then on the system of Kaplan -- et al. 
(1982). At the end of 18 months a sufficient n m e r  of quasars on 
the system of Kaplan et al., 'should exist to allow for uniform sky 
coverage at eight hour intervals. We hope this will lead to daily' 
estimates of UT and AM without diluting the precision presently 
obtained . 

Figure 3 shows an approximately seasonal variation of the Green Bank 
residuals with respect to the BIH. It is probable that a large 
fraction of this variation is a consequence of the procedure used in 
modelling the neutral atmosphere. It is c m n  to consider the 
refraction by the neutral atmosphere to consist of two tenns; 
(1) a ttdrytt term and, (2) a %ettt or water vapor term. The 
procedure we have been follawing to calculate atmospheric . phase 
delay is the ray tracing method adopted by Wade and Johnston 
(1977). This algorithn uses the'dry canponent of the Air Research 
Defense Carmand Standard Amsphere. This model is fixed, i.e., no 
seasonal changes in the structure of the atmosphere are 
considered. Also, the algorithn ignores the surface masurenents of 
tenperature and air pressure. The values of the model atmosphere 
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were assuned to be valid for the entire year. By not using surface 
measurenents to determine the zero point of the refractivity curve 
and by ignoring seasonal variations in the structure of the dry 
atmosphere, errors with an annual signature are introduced into the 
calculation of the phase delay. The water vapor term is treated 
more realistically in that the wet profile is fixed by measurenents 
of absolute humidity made at the surface. Thus, the large day-to- 
day variation in the water vapor content is taken into account. An 
exponential curve of fixed scale height is used to represent the wt 
cargonent. Possible annual variations in the value of the scale 
height are not considered. Thus, the wt and dry -orients are 
both subject to ummdelled effects that would produce errors having 
an annual signature in the calculated phase delay. The net effect 
of these errors in the caxputed delay could produce a spurious 
rotation, having an annual period, of the interferaneter baseline. 

Currently at the U.S. Naval Observatory, research is underway to 
explore modifications to the ray tracing technique that take into 
account the aboveinentioned difficulties. The surface weather 
measurements are being used to fix the wt and dry refractivity 
profiles. Various functional f o m  have been used to represent the 
wet and dry carponents. To date the most pranising canbination is 
as follows: the neutral atmosphere is considered. to be three 
layers, the planetary boundary layer, the troposphere and the 
stratosphere. Near the surface, in the planetary boundary layer the 
dry and wet profiles are considered to be linear. The slopes of the 
two lines are based on monthly averages of radiosonde data. The 
refractivity N as a function of height in meters, h, is given by: 

N(h) = D(h) + W(h) 

where D and W denote the dry and wt term, respwtively. 

At the surface, denoted by subscript s, 

Ns = Ds + Ws 

Within the planetary boundary layer 0 < h BL ( B L 3  500 m) 

dD N(h) = Ds + h + Ws + h 

Let the subscript BL denote values at h = BL, then within the 
troposphere BL< h - < TP 

' N(h) = &L 6.7 10-3 (h - BL) 

+ %L exp E ( h  - B L ) / q  , 
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where Ts is the measured surface temperature, TP the tropopause 
height and is the wet scale height. The latter two are 
determined franmnthly averages of radiosonde data. 

Let the subscript TP denote values at h = Tp. 
the vet cargonent is negligible, and 

In the stratosphere 

L 
where hd is the dry scale height determined franmonthly averages of 
radiosonde data. 

The introduction of the planetary boundary layer was made because 
surface weather measurements are influenced by the air-ground 
interface and are not, without modification, indicative of 
conditions well above the surface. Since Green Bank is in a 
mountainous area, existing radiosonde data may not be strictly 
applicable. Possible mpirical modifications to sane of the above 
parameters may be necessary. This problm is currently 
being evaluated. 

The degradation of the interferuneter data during sunner is 
reflected in the three to four fold increase in the mean errors 
associated with determinations of UT and PM. This is due to the 
increase in the scan-to-scan phase scatter. One inportant cause of 
these short-term irregularities is the highly variable water vapor 
content of the atmosphere. Each. antenna is n m  fitted with a 
meteorological station which measures the tenperature, pressure and 
water vapor content at each site. This is not adequate for 
modelling the wet atmosphere due to the variable and unknawn 
distribution of the atmospheric water along the line-of-sight. 
Therefore, we have begun the construction of two water vapor 
radianeters, to be placed inside the antennas of our longest 
baseline and to mnitor the atmospheric water content in the Bine- 
of-sight of each dish. 

The water vapor radianeters are being constructed at the U.S. Naval 
Observatory, and will be operated at 20.6 CSIz and 31 GtIz, similar to 
those designed by Guiraud, et al., (1979) at the National Oceanic 
and. Amspheric ministration ,in Boulder, Colorado, and 
independently by Resch (1980) at Jet Propulsion Laboratory (JPL) in 
Pasadena, California. They will have prime focus parabaloid dishes 
of 1 m size and their beam size of about lo is only slightly larger 
than the beam size of the primary interferaneter dishes. The radio 
brightness of the mter vapor and liquid droplets is, within a 
reasonable range of atmospheric paraneters, linearly related to the 
colum density of the two mter canponents. The differentially 
measured water vapor should therefore also be linearly related to 
the phase deviations in the interferaneter. A test run of the JPL 

221 



water vapor radianeters, when installed on the Very Large Array 
(VIA), has sham that they can introduce a considerable improvenent 
to the VIA phase data (G. Resch, private carmunication). 

The current status of the radianeters is that all of their 
intermediate frequencies (IF) and back-end electronics are 
constructed and tested; a few front-end wave guide parts are still 
on order but can be quickly incorporated into this system when they 
arrive. After the radianeters are calibrated at the U.S. Naval 
Observatory, they will be installed at Green Bank during the fall of 
1982. An evaluation period of about six months will follm. Their 
results will be canpared directly with the actual data taken by the 
interferaneter. 

F. DIsaJsSION 

Since the beginning of its service as a dedicated astranetric 
instrunent, the Green Bank radio interferaneter has proven to be a 
reliable instrunent, meeting all of its expected performance 
requirements in an extrenely cost effective manner, During the 44 
months of its operation through May 1982, the longest unscheduled, 
unforeseen dawn-time was tvm consecutive weeks. It is hoped that 
the developnents outlined here will significantly inprove the 
overall capabilities of the CEI technique. 
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USING THE REAL-TIME VLBI SYSTEM (K-2) 
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and 
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ABSTRACT. A real-time VLBI system I(K-2), w i t h  47 km base- 
line connected by a terrestrial micro-wave link was devel- 
oped. 
which samples five channels. These five channels, each of 
2 MHz bandwidth, are switched sequentially at every 
10 ms. The measurement accuracies of phase and delay are 
about 3 degrees, and 0.1 ns respectively. Using this sys- 
tem, the phase scintillations on the path through the at- 
mosphere, the visibility scintillations due to the solar 
wind and the correlated fluxes of 44 radio sources were 
observed at 4 GHz. 

This system adopts the bandwidth synthesis technique 

1. INTRODUCTION 

Because of the potential for high capacity communications and the 
limitation to the integration time in VLBI, the atmospheric phase 
scintillations in microwave and millimeter wave regions are of consid- 
erable interest. 
nomena influence optimum utilization of these frequency regions.and the 
minimum product of two antenna diameters in VLBI. There is another 
cause for the limitation to the integration time in VLBI. That is the 
phase scintillation due to the solar wind. In this paper, the phase 
scintillation derived from the difference between the phase variations 
of the signals from two satellites, and the visibility scintillation 
due to the solar wind measured when the propagation path of radio waves 
from QSO 3C273 approached the sun, are reported. 
radio sources in order to investigate available radio sources to a VLBI 
measurement for geodesy. 
0.32 Jy, which corresponds to the minimum detectable flux density in 
our system. 

Propagation effects resulting from atmospheric phe- 

We also observed 80 

We could detect 44 sources of flux more than 

This result is also reported in this paper. 

2. DESCRIPTION OF K-2 VLBI SYSTEM 

The main characteristics and the block diagram of K-2 system are 
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reported in the references,(Saburi et al. 1982) and (Kawano et al. 
1980). 
standards (Cs and Rb) which are used in K-2 system. 

Fig. 1 shows a phase noise at 4 GHz due to the atomic frequency 

I 1 I I 

1 0-2 100 Averaging time (sec) 

Fig. 1 Phase noise due to the atomic frequency standards (Cs and Rb) 

3. MEASUREMENT OF ATMOSPHERIC PHASE SCINTILLATIONS 

The phase scintillations along the path through the atmosphere 
were observed for the first time using the real-time VLBI system. We 
alternately received radio waves from synchronous satellites CS 
(Japanese Communications Satellite) at E1=47.8 deg. and INTELSAT at 
E1=1.7 deg. to obtain the atmospheric phase scintillations. The ef- 
fects of secondary waves, which reflect on the ground, can be assumed 
to be far less than ones by phase scintillations at both elevation 
angles. 

Assuming that the propagation path through the atmosphere, espe- 
cially troposphere, is approximately proportional to l/sin(El) the 
path length at El of 1.7 deg. is about 25 times as long as that at 
E1=47.8 deg. 
ly proportional to propagation path lengthmatarski 1961). Therefore, 
the difference between phase variations of the signals from CS and 
INTELSAT can be regarded as the atmospheric phase scintillation. 

derived from the phase variat&oq%pf the signals from INTELSAT and CS. e obeys approximately 0.2xT 
notes the averaging time in sec. 
the power spectral density S(Y)oC v 
tained through the path on the ground. 
carried out under the various meteorological conditions such as are 

On the other hand, the phase scintillation C$ is direct- 

Fig. 2 shows a square root of a difference of Allan variances- 

deg. at the zenith, where T de- .4 

which is the results ob- 
If~f~Nfu)~&ion$~ is equivalent to 

Although the observations were 
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cloudy, of light rain and heavy rain, the effect of rain or other 
precipitation were not detected from these measurements. These results 

# 

2 
4 

1 4 . 
I . , 

. , . 4 
# 3 

I . . 3 

l a I 

30 Averaging time (sec) 

I 4  
Fig. 2 Square root of the Allan variance of phase scintillations, 

w.(Square root of the difference of the Allan variances 
derived from the phase variations of the signals from INTELSAT 
and CS) 

lead to the fact that at El-30 deg. may exceed one radian, and hence 
the coherence may decrease when the mean time or integration time becomes 
300 sec. or more. This estimation suggests that the prod ct of two 
antenna diameters in VLBI system should be more than 76 m when the VLBI 
system with receivers of 50 K system noise temperature is used for 
geodesy, astrometry or other fields in Japan, even if an stable frequency 
standard such as H-maser oscillator is used. For example, if the main 
station has a 26 m antenna, the other station should have the antenna 
greater than 3 m. 

Y 

4. MEASURE3ENT OF VISIBILITY SCINTILLATION DUE TO THE SOLAR WIND 

The observations of the visibility scintillation due to the solar wind 
were carried out by receiving QSO 3C273 from Sept. 18 to Oct. 14, 1980. 
The visibility scintillations 'increased when the wave propagation path 
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Fig. 3 Visibility scintillation Sv due to the solar wind. 
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Fig. 4 Allan variances of the visibility scintillations for 3C273. 
ladenotes the normalized Sy by the mean correlated flux. 
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from QSO 3C273 approached the sun as shown in Fig. 3, and they reached 10 
% of the mean correlated flux, higher than the normal level, when the 
distance between the path and the sun was the nearest of 0.08 AU. The 
~ l l a n  variance of the visibility, [VJ became maximum in the mean time of 
0.5~1.0 sec. According to a theoretical investigation, the frequency 
range of the scintillations observed by a VLBI system is limited to the 
frequency higher than the baseline frequency given by Cronyn (Cronyn 1972 
) ,  so that the averaging time 0.5 sec obtained by our observations is co- 
incident with the reciprocal of the baseline frequency l& estimated from 
the Parker's solar wind model (Parker 1965). Furthermore, the visibility 
scintillations obey approximately the 3rd power law of the distance. 

1 

% 

\ 
I 1 

o4 10-1 100 Distance y(AU)  
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5. MEASUREMENT OF CORRELATED FLUX 

We also observed 80 radio sources in order to investigate available 
radio sources to a VLBI measurement for geodesy. 
out of 80 radio sources of .flux more than 0.32 Jy, which corresponds to 
the minimum detectable flux density in our system. Table 1 is the re- 
sult of this observation, and shows that the fluxes of 3C120, 3C123 and 
some others vary with an hour angle. 

We could detect 44 

Source name 

3C10 
3C20 
3C2 7 
3C29 
3C31 
3C66 
3c75 
3C84 
3C105 
3C119 
3C120 . 
3C123 
3C133 
3C138 
3C147 
3C147.1 
3C192 
3C196 
3C227 
3C237 
3C268.1 
3C270 

Flux ( Jy ) 

0.4 
0.4 
0.4 
0.6 
0.4 
0.4 
0.4 
34 
0.6 
1.2 
d. 8 
0.4~1.2 
0.4 
~1.8 
1.04.2 
(0.6 
0.4 
0.4 
0.4 
0.6 
0.4 
0.4 

Source name 

3C273B 
3C274 
3C279 
3C286 
3C287 
3C295 
3C380 
3C382 
3C386 
3C391 
3c397 
3C398 
3C403 
3C410 
3C418 
3C452 
3c454.3 
3C461 
3C465 
4C39.25 
DW1555+00 
NRA0530 

Flux ( Jy 1 

26 
1.0 
4.0 
4.4 
1.2 
1.0 
1.4 
0.4 
0.4 
e0.6 
G.6 
0.5 
0.4 
(0.6 
1.6 
0.4 
5.2 
<0.8 
d.6 
3.0 
0.6 
1.0 

Table 1 List of correlated fluxes for 44 radio sources. 
( Frequency:4030MHz, bandwidth:1.3MHz, Integration 
time:30sec, rms error:0.32 Jy ) .  
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ON THE COMPUTATION OF IONOSPHERIC PATH DELAYS FOR VLBI 
FROM SATELLITE DOPPLER OBSERVATIONS 

James Campbell I Franz Josef Lohmar 
Geodatisches Institut, Universitat Bonn 

ABSTRACT. Two-frequency satellite Doppler 
observations carried out simultaneously with 
VLBI experiments on several European and one 
transatlantic baseline were used to determine 
ionospheric path delay corrections. In the first 
part the method applied is outlined and the 
problems and limitations are discussed. In the 
second part the ilonospheric data obtained for 
an 18 cm VLBI campaign are presented. 

1. INTRODUCTION 

H i g h  accuracy geodetic applications of Very Long Baseline Inter- 
ferometry require a careful calibration of the atmospheric 
effects on the measured quantities. In the radio frequency range 
wave propagation is affected both by the neutral atmosphere and 
by the ionized layers of the higher atmosphere (Hagfors 1976). 
In this paper only the contributions of the ionosphere to the 
measurements are discussed. The dispersive nature of the iono- 
sphere can be used to eliminate the first order path errors if 
two widely spaced frequencies are observed simultaneously. In 
Doppler satellite tracking the dual frequency approach is an 
integrated part of the system and provides reliable ionospheric 
calibration (Guier et al. 1960). 

In VLBI a dual frequency receiving system requires a considerable 
effort to be implemented, hence there are no more than a few 
stations adequately equipped to observe in the dual frequency 
mode. At present only the frequency pair 2 .3 /8 .4  GHz (NASA S and 
X-Band) is available for wider use, but stations with S-X- 
capability are mainly restricted to the territory of the U.S.A. 
In Europe other frequencies are favoured, such as 1.6, 5, 10 and 
22  GHz (18, 6, 2.8 and 1 . 3 ’  cm) . For each of these frequency bands 
highly sensitive wideband receiving systems are available and 
commonly used for astronomical applications. In this situation 
it seemsdesirable to find alternative ways of collecting iono- 
spheric data and to be able to apply ionospheric corrections to 
single frequency band VLBI measurements. 

At present two approches have appeared in discussions more 
frequently: 
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1 .  Measuring the Faraday rotation of the radio signals of geo- 
stationary satellites (Davies et al. 1977). 

2. Using dual frequency Doppler or pseudo range measurements to 
Earth satellites (Davies et al. 1977, MacDoran et al. 1982). 

In both cases the ionosphere is probed at more or less widely 
spaced time intervals and generally not coinciding with the 
VLBI lines of sight. This is of course a serious drawback of 
both methods, especially if the high variablility both in time 
and in space of the ionospheric refraction is considered. It is 
fairly obvious that useful results can only be expected if 
spacial and temporal resolution is high enough to follow the 
more prominent ionospheric variations (i. e. the day-night 
effect and the latitude dependence). In order to investigate the 
value of satellite Doppler observations for correcting single 
band VLBI measurements several simultaneous VLBI- and Doppler- 
campaigns have been carried out with various stations in Europe 
and in the U.S.A. In this paper the adopted procedures are 
described and first results are presented. 

2.  DOPPLER COUNTS AS SOURCE FOR IONOSPHERIC INFORMATIONS 

In geodetic applications Doppler measurements to the satellites 
of the Navy Navigation Satellite System are performed on both 
coherent frequencies emitted by the satellites, 149.988 MHz and 
399.968 MHz (150 and 400 MHz) to eliminate the first order term 
of the ionospheric range error (IRE). 

Taking only first order effects into account the refractive 
index of the ionosphere can be expressed by (e. g. Davies,1977): 

- 40.31 
9 n = l  
fL 

3 where EC = content of free electrons in lm . 
Integrated along the l i n e  of s i g h t  with the assumption that the 
signal path is identical to the geometrical connection receiver 
(R) satellite ( S )  the IRE is 

(2) 4 0 .  3.1 7 EC ds = 40*31 TEC S 
As = f (1 - n) ds = + 

R f2' R f2 
where the total electron content (TEC) reprejents the number of 
free electrons along the line of sight per m . 
Writing down equation (2) for both frequencies it is possible to 
calculate the IRE from the difference in IRE at both frequencies 

( 3 )  
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G R  L 

The observed Doppler counts N are defined .as N = [ (f -f ) dt, 
where '1 

fG = frequency of the receiver oscillator 
f R  = received satellite frequency fs, Doppler shifted and 

affected by the atmosphere. 

Differencing the 400 MHz and the 150 MHz counts, after scaling 
the latter by a (= 400) we obtain: 150 

R, dt . R - f400 t2 8 
tl 

AN = I (3 flSO 

In a nondispersive medium the count difference AN would be zero 
(neglgcting measurement errors of the receiver). AN may be 
interpreted as the change in the difference of the IRE'S of both 
signals over the time span t2 - tl divided by the 400 MHz wave- 
length. 

t1 + . - "150 [ "150 - "400 t2 A N = - *  400 
cO 

The change in I R E  for the 400 MHz signal in the time span t2-tl 
is found using equations (3) and (5): 

2 

2 2 AN ( 6 )  - cO f150 

400 f400 f400 - f150 
As t2 - As - - *  

400 

Using the above equation it is possible to compute the changes 
in IRE along the satellite pass using the measured count diffe- 
rences AN. 

To derive absolute values of the IRE,  the initial range error 

AS at the beginning of each satellite pass has to be found. 
4 0 0  

In our data analysis we use a method developed by Leitinger et 
' al. 1975. This .method es.sentfa1l.y relies on the fact that from 

two Doppler receivers located at a given North-South distance 
of about 1000 km the zenith angles of the lines of sight in the 
ionosphere will generally be significantly different (see fig. 
1). This difference allows to solve for the constant biases at 
both stations. 

Adding up the constant bias Asto and all differences in the IRE 
400 

calculated in equ.. (6) the IRE referenced to the line of sight 
at epoch ti is obtained. 
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3 .  INTERPOLATION MODEL FOR DOPPLER DERIVED IONOSPHERIC 
CORRECTIONS 

The pointing directions of the radio telescopeswill in general 
not coincide with the tracks of the NNSS satellites. Therefore 
some sort of interpolation of the IRE values is required. Idial- 
ly we have a three dimensional problem: azimuth and elevation in 
a local coordinate system and the time of observati.on. One way 
to attack the problem is to replace the actual ionosphere by a 
thin layer at a given constant altitude (e. g. 400 km in the 
mid-latitude zones) (Hartmann 1 9 7 7 ) .  The vertical IRE values are 
referenced to the ionospheric point (IP) which i.s defined as the 
intersection of the line of sight to the satellite with the 
ionospheric layer. The IP is described by only two parameters: 
Its geographic latitude and its local solar time. In t h i s  way 
one spacial parameter is combined with the parameter time. Look- 
ing at the physics of the ionosphere, this approach se.ems 
reasonable, because the state of the ionosphere is strongly 
dependent on the hour angle of the sun (day-night-variations) 
and on the latitude. The values latitude, local solar time and 
also the ionospheric zenith angle can easily be calculated from 
the station-to-satellite geometry. 

Figure 1: Geometry for two stations: For simplicity of 
drawing it is assumed, that the orbit of the satellite 
and the two stations A, B are in a common plane 
(Leitinger et al. 1 9 7 5 ) .  
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The actual interpolation of the vertical IRE is performed in the 
reference system defined above.' Th.e'trace. 'of the CPs for one 
satellite pass is approximately a North-South line and the verti- 
cal IREs of the pass form therefore a North-South profile of the 
ionosphere. A two dimensional representation of the Doppler 
derived vertical IREs can be given in contour maps using this 
coordinate system (figure 2 1. 

4 .  IONOSPHERIC CALIBRATION OF VLBI OBSERVATIONS 

The three geodetically interesting VLBI observables, the group 
delay, the fringe phase and the fringe rate are independently 
estimated in the crosscorrelation function analysis (Moran 1 9 7 6 ) .  
All three quantities are affected differently by the ionospheric 
medium: the group delay, which is based on the phase response to 
frequency, is connected to the group velocity v while the 
phase and the rate are connected to the phase 45ocity v@ of 
the signals. In the'presence of a dispersive medium the relation- 
ship between both velocities is (Bergstrand 1 9 5 6 ) :  

r 1 

If ( 7 )  and ( 8 )  are combined with ( 1 )  we can verify that the 
ionospheric phase delay correction should be nearly equal in 
magnitude but opposite in sign from the group delay correction. 
Moreover the group delay must have the same sign as the tropo- 
spheric path correction, because Vgr < co both in the ionosphere 
and in the troposphere. 

The ionospheric mapping function we presently use in the base- 
line fitting program is similar to the one used for the tropo- 
sphere (essentially a l/cosz dependence), but instead of the 
ground based zenith angle z the zenith angle z (IP) at the 
height of the condensed ionospheric layer is introduced. At low 
elevations the ionospheric and the tropospheric mapping func- 
tions differ significantly, the latter showing a much steeper 
rise than the former. This in turn causes the rate correction, 
which is the time derivative of the delay correction, to be 
much less pronounced in the ionosphere than in the troposphere. 
Hence only a relatively small ionospheric signal may be expected 
in the fringe rates while the main contribution will be. felt in 
the group delays and in the phases. 

5. NUMERICAL RESULTS 

Up to now three different VLBI campaigns have been accompanied 
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Figure 2: Ionospheric contour map derived from Doppler data 
of the stations Effelsberg and Onsala. The contour lines refer 
to the vertical IRE in meters at 400 MHz. 
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Figure 3 : Vertical IRE profiles derived from satellite passes 
on february 20, 1980 3h 2m UT (sat. 30140) and 12h 2m (sat. 
30110) usin9 Doppler data from station Effelsberg (left side) 
and from Onsala (right side). 
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by Doppler observations: The. Nov. '79 Mk. 11.1 experiment at 2.3 
and 8.4 GHz, the Febr. '80 Mk I1 experiment at 1.6.GHz and the 
April '81 .ERIDOC Mk 'I1 experiment at 5 GHz. At this stage of the 
data processing (the ionospheric transfer model has just been 
completed) only a small part of the Febr. '80 data have been 
used to obtain a first proof of concept before more effort is 
invested. 

Day , 

51 

52 

The Doppler data available for the dates of the experiment, the 
20th and 21st of Febr. 1980, were taken at the stationsof Effels- 
berg and Onsala with the Magnavox MX 1502 receivers. At NRAO 
Green Bank a Geoceiver was used while the receiver at Maryland 
Point apparently failed to produce any good data. For the first 
test we started to process the MX 1502 data and produced iono- 
spheric profiles over Europe which served to interpolate the 
IRE'S at the ionospheric points of the VLBI lines of sight and 
to draw the map in fig. 2. Four typical examples of ionospheric 
IRE-profiles at 400 MHz are shown in fig. 3. Two each are seen 
from Effelsberg and Onsala during the same satellite pass and 
represent the same portion of the ionosphere. The agreement at 
night time is very good, whereas at daytime small deviations can 
be seen. These reflect the inhomogeneities of the ionosphere and 
will set a limit to the applicability of the proposed method, 
especially when short baselines are considered. 

~~~~~ ~ 

Uncorrected data Corrected data 

Delay rms Rate rms Delay rms %ate rms 
ns mHz ns mHz 

14.0 3.6 5.2 3.0 

12.0 2.0 5.3 1.6 

In order to test the effect of the Doppler derived ionospheric 
corrections on the VLBI group delays and fringe rates it appeared 
most efficient to run the baseline solutionswith the option of 

Table 1: Effect of the Doppler derived ionospheric correction 
on best fit residuals of baseline solutions (Mk I1 18cm data) 
(Baseline NRAO Greenbank - Effelsberg) 

238 



holding all parameters fixed except the three clock unknowns. We 
used the best baseline coordinates and source positions presently 
available to us, i.e. the results from the November 79 Mk I11 ex- 
periment at 8.4GHz. The tropospheric parameters were set at the ir  
standard values of 2.10111 extra zenital path. Under normal condi- 
tions these values only vary between 1.9 and 2.3 meters. Because 
of the lack of ionospheric data at the NRAO end of the baseline 
(the Geoceiver data have not yet been decoded) we chose a period 
of both days during,which the NRAO site is still in night time' 
while Effelsberg is already out in the daylight. In this case it 
is safe to assume a low mean night time value for NRAO and use 
the Doppler derived data for Effelsberg. The rms fitting errors 
shown in table 1 give a strong indication of the validity of the 
method. The residual plots in figure 4 provide a more detailed 
illustration of the effectiveness of the applied corrections. 

The solutions of the same data with the baseline and tropospheric 
parameters free indicate that th.e ionospheric bias tends to be 
absorbed by these parameters instead of blowing up th.e residuals, 
a fact which has been suggested by Robertson and Carter (1981). 
In spite of a relatively high signal to noise ratio on the NRAO - 
Effelsberg baseline the data perform, helas, rather poorly, there- 
fore more specific investigations will be carried out after re- 
processing the crosscorrelation data with an improved software 
system. 

The preceding results are examples of particularly gross effects 
on an intercontinental baseline. It remains to be seen whether 
the method can keep its promise on shorter baselines with much 
more subtle effects. Some of the November 79 Mk I11 VLBI data 
which have been observed at both S and X bands will serve as ex- 
cellent test data sets to validate th.e use of Doppler derived 
ionospheric information. 
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TECHNIQUES USED I N  SA0 HYDROGEN MASERS 
FOR INCREASED FREQUENCY STABILITY 

AND RELIABILITY 

Edward M. Mattison 
Robert F. C. Vessot 
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Cambridge, Massachusetts 02138, U.S.A. 

ABSTRACT. The major c h a r a c t e r i s t i c s  of frequency standards 
of concern t o  users  are frequency s t a b i l i t y ,  r e l i a b i l i t y  of 
operation, and ease of transport .  We describe approaches 
taken by SA0 t o  f u l f i l l  these c r i t e r i a  i n  the  VU-11 s e r i e s  
of hydrogen masers. They include rece iver  improvements f o r  
s h o r t - t e r m  s t a b i l i t y ,  c h a n g e s  i n  r e s o n a n t  c a v i t y  
cons t ruc t ion  and magnetic sh i e ld  design f o r  reduction of 
systematic e f f e c t s ,  and redesign of the  vacuum pumping 
system f o r  longer l i f e .  

INTRODUCTION 

Users of frequency standards -- and VLBI use r s  of hydrogen m a s e r s  i n  
p a r t i c u l a r  -- are in t e re s t ed  i n  th ree  major aspec ts  of t h e i r  standards' 
performance: f r equency  s t a b i l i t y ,  r e l i a b i l i t y ,  and t r a n s p o r t a b i l i t y .  
Currently, while masers are i n  shor t  supply, VLBI p u t s  a n  e spec ia l ly  high 
premium on t he  a b i l i t y  t o  move a maser t o  an antenna s i te  and have it operate 
w i t h  good s t a b i l i t y  p r e c i s e l y  when i t  i s  needed: d u r i n g  a schedu led  
observing run. W e  describe here some of the  f a c t o r s  t h a t  a f f e c t  masers i n  
these a reas  and d iscuss  the  approaches t h a t  the  Smithsonian Astrophysical 
Observatory (SAO), i n  i t s  program of research and development of masers f o r  
use  i n  V L B I  and space  t r a c k i n g  programs, has  t a k e n  t o  s a t i s f y  t h e s e  
requirements . 

MASER FREQUENCY STABILITY 

The frequency s t a b i l i t y  of hydrogen masers over i n t e r v a l s  shor te r  than 
rough ly  1 ,000  seconds i s  a f f e c t e d  p r i m a r i l y  by thermal  n o i s e .  and i s  
determined l a rge ly  by the  maser's power output and l i n e  Q and by the  noise 
f i g u r e  and c o n s t r u c t i o n  of i t s  r e c e i v e r .  With t h e  a i m  of i n c r e a s i n g  
r e l i a b i l i t y  and short-term s t a b i l i t y  w e  have redesigned p a r t  of the  VLG-11 
rece iver  and reconstructed the  e n t i r e  un i t .  We have combined the  successf u l  
r f  design of t he  V U - 1 1 B ,  which i s  based on a 100 MHz VCXO, with an improved 
phase-lock c i r c u i t  t h a t  avoids the  need f o r  a separate sweep o s c i l l a t o r  f o r  
acquiring lock. The rece iver  housing, which measures 6 x 20 x 29 cm, i s  
machined from a so l id  aluminum block t h a t  provides mechanical ruggedness and 
thermal uniformity. It i s  shown i n  Fig. 1 with i t s  covers removed. The 
me thod  of  a s s e m b l y  m i n i m i z e s  t h e  number of c o a x i a l  c o n n e c t o r s  i n  
high-frequency c i r c u i t s ,  reducing a possible source of noise. In add i t ion  t o  
providing t h e  usual low-frequency outputs a t  0.1, 1, 5 ,  and 10 MHz, t h e  
rece iver  supplies s igna l s  a t  100 MHz and 1,200 MHz. These a r e  p a r t i c u l a r l y  
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su i tab le  fo r  mul t ip l ica t ion  t o  higher frequencies i n  appl icat ions such os 
m i l  lime fer-wave VLB I. 

Over in t e rva l s  longer than about 1000 seconds, maser output frequency i s  
in f luenced  c h i e f l y  by ey s ternat ic  ef f e c t e  t h a t  i nc lude  changes in t h e  
resonance frequency of the  microwave cavity and va r i a t ions  i n  the  external  
magnetic f i e l d .  

Cavity frequency s h i f t s ,  which r e s u l t  i n  pulling of the atomic l i n e  shape 
and consequently of the output frequency, can be caused by temperature- 
induced changes i n  the d i e l e c t r i c  coeff ic ient  of the quartz storage. bulb; by 
changes i n  c a v i t y  dimensions due t o  v a r i a t i o n s  i n  ambient tempera ture ,  
barometr ic  p r e s s u r e ,  o r  c a v i t y  mechanical p r o p e r t i e s ;  and by o t h e r  
mechanisms. Work a t  the Jet  Propulsion Laboratory (Kuhnle, 19811, the  U. S. 
Naval Research Laboratory (White, 19811, and SA0 has shown t h a t  some f l s e r s  
display a regular long-term frequency d r i f t  on the order of pa r t s  i n  PO per 
day t h a t  i s  accompanied by a corresponding increase i n  the tuned cavi ty  

ce frequency. The temporal behavior of these d r i f t s  is t y p i c a l l y  ;::"', with T on the  order of 40 days. We believe t h a t  t h i s  e f f ec t  i s  due 
t o  "bedding" of the  ground surfaces of the low-expansion Cervit cavity a t  the  
j o i n t s  between the  cylinder. A similar e f f ec t  has been observed i n  op t i ca l ly  
contacted j o i n t s  i n  low- expansion mater ia ls  (Jacobs, 1976). We have taken 
s teps  t o  reduce t h i s  d r i f t  by opt ica l ly  polishing the  cavity endplates and 
cylinder end surf aces, and assembling the  cavity under cleanroom conditions. 
W e  have observed that  the frequency s h i f t  when the cavity i s  f i rs t  assembled 
and clamped t o g e t h e r  i s  approximately 2 kBz f o r  po l i shed  c a v i t i e s ,  a s  
compared w i t h  approximately 8 kHz f o r  t y p i c a l  ground-joint  c a v i t i e s .  
Preliminary measurements indicate  tha t  the d r i f t  e f f ec t  i s  much reduced, and 
w e  are i n  the process of tracking the tuning of two recently b u i l t  masers t o  
measure the e f f ec t  accurately.  

Other possible sources of cavity frequency d r i f t  are thermal expansion of 
t h e  c a v i t y  material and r e l a x a t i o n  of s u r f a c e  s t ress  i n  t he  cavi ty ' s  
conductive coating. In an e f f o r t  better t o  understand t h e  propert ies  of 
cavity materials and coatings w e  have collaborated with the University of 
Arizona Optical Sciences Center i n  a series of experiments. We measured the 
room-temperature thermal  expansion c o e f f i c i e n t s  of t h ree  low-expansion 
materials, ULE[1] Zerodur[2] , and Cervit 101[31 , before and a f t e r  heating 
them t o  7OO0C, the temperature a t  which the s i lve r  cavity coating i s  appl ied.  
The c o e f f i c i e n t s  f o r  C e r v i t  101 and ULE remained e s s e n t i a l l y  unchanged 
following heating, while Zerodur's coeff ic ient  decreased i n  uagnitude, a s  
shown below. 

Material 

ULE 
Cerv it 101 
Zerodur 

8 0 1  Expansivity x 10 C- 
Before Heat After Heat 
Treatment Treatment 

+5.5 
-14.5 
-12.3 

+5.5 
-13.3 
-5.0 
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In a s e p a r a t e  exper iment  w e  have measured t h e  s u r f a c e - s t r e s s  induced  
curvature of rectangular silver-coated samples of cavi ty  materials over a 
period of seven months. Preliminary r e s u l t s  i nd ica t e  t h a t  t he  peak- to- 
v a l l e y  c u r v a t u r e  of p l a t e s  100 mm long  and 10 mm t h i c k ,  c o a t e d  w i t h  
approximately 0.05 mm of silver, chagged by less than t h e  r e so lu t ion  of t he  
expe r imen t ,  app rox ima te ly  1000 A , over  a p e r i o d  of s i x  months. A 
temperature de ende ce of curvature was observed with a magnitude on t h e  order of 2000 A g oc--* 

Certainly,  one can never eliminate a l l  systematic e f f e c t s ;  as a major 
e f f e c t  i s  reduced  i n  magnitude, o t h e r s  w i l l  appear .  Our  approach  t o  
obtaining frequency s t a b i l i t y  i s  t o  make the  maser as inherent ly  s t a b l e  as 
possible and then, i f  appropriate,  t o  work a t  compensating f o r  any r e s idua l  
perturbations.  An example of t h i s  i s  our use of an extremely low ma'ss quar tz  
s t o r a g e  b u l b  t o  minimize tempera ture-  dependent d i e l e c t r i c  c o e f f i c i e n t  
changes, and low-expansion cavity material t o  minimize thermally induced 
dimensional changes. Having minimized the  cavity's thermal s e n s i t i v i t y ,  we 
stabilize the maser's internal temperature with a six-zone heat-added servo 
c o n t r o l l e r .  To remove any long-term c a v i t y  d r i f t s  t h a t  remain ,  we a re  
working on the  development of an electronic cavi ty  frequency s t a b i l i z a t i o n  
system t h a t  w i l l  lock t h e  cavity resonance t o  t h e  atomic t r a n s i t i o n  frequency 
with minimum per turba t ion  of t he  atomic l ine .  

To increase the  e f fec t iveness  of t he  i n t e r n a l  temperature cont ro l  system 
we have i n s t a l l e d  i n  the  maser cabinet a temperature con t ro l l e r  t h a t  i n  
e f f e c t  t u rns  t h e  cabinet i n t o  a small environmental chamber. . This provides 
constant temperature a i r  f o r  the  maser e l ec t ron ic s  as well as f o r  the  physics 
package. Over an ambient t e m p e r a t u r e  r ange  of 2 1  t o  28OC i t  y i e l d s  an 
e s t i m a s % d o ; y p e r a t u r e  s e n s i t i v i t y  ( l / f ) ( d f / d T )  of  a p p r o x i m a t e l y  
8 x 10- Exact va lues  f o r  the  s e n s i t i v i t y  await ca re fu l ,  lengthy 
measurement 8 .  

A maser's frequency can be altered by changes i n  t h e  external magnetic 
f i e l d .  Following our experience w i t h  shields designed by the Naval Research 
Laboratory (Gubser, 1981) f o r  the  small-cavity passive maser developed by SA0 
and N U ,  we have designed and i n s t a l l e d  conical-ended magnetic sh i e lds  i n  t h e  
latest  VU-11 masers. The innermost sh i e ld  remains f l a t  t o  provide s u i t a b l e  
boundary conditions f o r  t he  weak 0.5 G i n t e rna l ly  applied f i e l d .  The conical 
shape of t he  three  outer  sh i e lds  (Fig. 2) e l imina tes  the  "oil-canning" 
mechanica l  i n s t a b i l i t y  found i n  f l a t -ended  s h i e l d s  and p r o v i d e s  a 
mechanically s t a b l e  s t r u c t u r e  t h a t  can be so l id ly  supported without t h e  
hazard of loca l ized  stresses and r e s u l t a n t  work hardening. This reduces t h e  
l i k e l i h o o d  of changes i n  t h e  p e r m e a b i l i t y  of t h e  s h i e l d s  e i t h e r  d u r i n g  
assembly of the  maser or during t ranspor ta t ion .  Changes i n  ambient magnetic 
f i e l d  can a l s o  a f f e c t  t h e  maser frequency by changing t h e  d i s t r i b u t i o n  of 
a tomic  s t a t e s  i n  t h e  a tomic  beam d r i f t  r e g i o n ,  between t h e  hexapo le  
s ta te -se lec tor  magnet and the  low-field resonant cavity.  To reduce t h i s  
e f f e c t  w e  have i n s t a l l e d  a band of low permeability mater ia l  between t h e  ion  
pump, sh i e ld  and t h e  outer physics un i t  sh i e ld  (Fig. 3 ) .  This band provides a 
low reluctance path across  t h e  gap between these  sh i e lds  and reduces t h e  
r e s idua l  f i e l d  i n  the  beam d r i f t  region. A magnetic f i e l d  c o i l  mounted 
c o a x i a l l y  w i t h  t h e  d r i f t  r e g i o n  g e n e r a t e s  a c o n s t a n t  b i a s  f i e l d .  T h i s  
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prevents l a rge  changes i n  ambient f i e l d  from reducing the d r i f t - r eg ion  f i e l d  
t o  zero,  which can a l ter  the  maser frequency o r  even quench maser o s c i l l a t i o n  
by a l l o w i n g  t h e  a t o m i c  s t a t e s  t o  become d e g e n e r a t e .  The magnitude and 
d i r e c t i o n  of t he  b i a s  f i e l d  can be ad jus ted  f o r  opera t ion  of the  maser i n  
e i t h e r  northern o r  southern hemisphere. The measured sh ie ld ing  f a c t o r  and 
magnetic s e n s i t i v i t y  of a maser with the  new magnetic sh ie ld8  are 

dHext 3 

dHint 
- 18 x 10 

f o r  dHext = 0.44 G 

1 df 13 G=l --= 2 x 10- 
f dHext 

MASER RELIABILITY 

Above a l l ,  t h e  user of a frequency s tandard wants t h e  standard t o  opera te  
when he needs it. The major source of u n r e l i a b i l i t y  i n  mserB i n  recect 
years h a s  been t h e  i o n  pump system used  f o r  pumping hydrogen and o t h e r  
gasses. Because t h i s  seems more ser ious  than i t  was 10 years  ago and i s  a 
problem w i t h  masers fr.om s e v e r a l  l a b o r a t o r i e s ,  it i s  p o s s i b l e  t h a t  the  
metallurgy of the  t i t an ium p l a t e s  used i n  the  pumps has changed. At SA0 we 
have developed a pumping system t h a t  eliminates t h e  ion  pump as t h e  major 
pumping device. This system uses four  Zr-A1 so rp t ion  caz t r idges  t o  punp 
hydrogen. The p r a c t i c a l i t y  of u s i n g  t h i s  t e c h n i q u e  i n  maoers was 
demonstrated i n  the NASA-SA0 Gravi ta t iona l  Bedshif t Rocket Probe Experimeot 
(Vessot, 19761, i n  which a s ing le  sorp t ion  ca r t r idge  pumped a rocket-  borne 
hydrogen maser f o r  mer a year. In t h e  cur ren t  system a small multiple-anode 
ion pump designed and b u i l t  by SA0 scavenges r e s idua l  gases ouch as ni t rogen,  
argon, and hydrocarbons. The design of t h i s  pump permits switching t o  a 
f r e s h  anode i n  case of shor t ing  by screw d i s l o c a t i o n  ("whislier") growth from 
t h e  cathode. The new system, which has an expected pumping l i f e t i m e  of 5 
years between r e a c t i v a t i o n s  of the  ca r t r idge ,  i s  r e t r o f  i t t a b l e  in a l l  S . L O .  
VLG-10 and VU-11 model masers. 

A s  p a r t  of our e f f o r t  t o  improve maser vacuum systems we have desigced and 
t e s t e d  an  in-vacuum hydrogen d i s s o c i a t o r  t h a t  u s e s  no O-rings, t h u s  
e l imina t ing  a poss ib le  source of outgassing and leakage. A d i s soc ia to r  of 
t h i s  design has been operated i n  vacuum on a t e s t  stand f o r  more than s i x  
months. Although the  outs ide  of the g l a s s  has darkened somewhat, apparent ly  
due t o  sput te r ing ,  t he  atomic hydrogen o p t i c a l  spectrum of the  ?Lama has 
remained c o r r e c t  and t h e  d i s c h a r g e  h a s  o p e r a t e d  p r o p e r l y .  A s imilar  
d i s soc ia to r  i s  being i n s t a l l e d  i n  our cryogenic maser f o r  operat ion a t  77K as 
a source of cold atomic hydrogen. 

TRANSPORTABILITY 

The a b i l i t y  t o  t r anspor t  a standard depends upon i t s  sizep weLght, and 
ruggedness. An important ques t ion  is, can it be put on an a l rp l ane ,  and w i l l  
it survive shipment? In VLBI app l i ca t ions  masers must operate  a f t e r  being 
shipped t o  r ad io  observa tor ies ,  o f t e n  i n  remote sites. SA0 masers have been 
sh ipped  s u c c e s s f u l l y  t o  Spa in ,  Sweden, Germany, A u s t r a l i a ,  J apan ,  and 
throughout t h e  United S ta t e s .  The VU-11 maser i s  124 cm high, 56 cm wide, 

245 



and 81 cm deep, and weighs 330 kg. When mounted on i t s  shock-absorbing 
p a l l e t  i t  f i t s  i n  t h e  ca rgo  compartments of DC-10 and L-1011 p a s s e n g e r  
planes. As witness t o  the  e f f ec t iveness  of i t s  mechanical ruggedness, during 
a r e t u r n  t r i p  shipment t o  SA0 a maser was dropped with enough fo rce  t o  bend 
t h e  cabinet frame, knock t h e  meter needles of f  t h e i r  p ivots ,  and s h i f t  t h e  
ion  pump magnets. (We do 
not,  however, recommend t h i s  type of handling.) VLG masers can be trucked 
w i t h  f u l l  power, s u p p l i e d  by au tomot ive  b a t t e r i e s ,  and o p e r a t e d  w i t h i n  
minu tes  of a r r i v i n g  a t  t h e  o b s e r v i n g  s i t e .  For a i r  t r a n s p o r t  t h e y  a re  
usually shipped with ion pump power only, supplied by high-voltage photoflash 
b a t t e r i e s  wi th  an expected l i f e  of many months. One such maser, which was 

l o s t "  enroute t o  an observing s i te  and s a t  a t  an  a i r p o r t  f o r  almost a week, 
operated without d i f f i c u l t y .  A maser shipped t o  Onsala, Sweden, wi th  no 
power whatever took three days t o  reach i ts  des t ina t ion ,  was pumped down w i t h  
an ex te rna l  ion pump power supply,  and osc i l la ted  as soon as i t s  temperature 
cont ro l  system achieved equilibrium. 

When it was was turned on, it o s c i l l a t e d  properly. 

II 

CONCLUSION 

Since i t s  invention i n  t h e  ea r ly  1960's t h e  hydrogen maser has come a long 
way from being a la rge ,  d e l i c a t e  laboratory instrument. Through the  e f f o r t s  
of severa l  groups t h e  maser has emerged from the laboratory and has become a 
r e l i a b l e ,  p r a c t i c a l  t o o l  f o r  the  working s c i e n t i s t .  

NOTES 

[l] ULE i s  a r eg i s t e red  trademark of Corning Glase Works, Inc. 
[ 2 ]  Zerodur i s  a r eg i s t e red  trademark of Heraeus-Schott AG. 
[31 Cervit  i e  a r eg i s t e red  trademark of Owens-Illinois, Inc. 
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ABSTRACT: In most current VLBI experiments, use of the phase observable for 
geodetic measurements is  sharply curtailed by the re la t ive  d r i f t  of the 
independent local osc i l la tors  a t  each s ta t ion,  A jo int  Canadian-U .S. experi- 
ment has been undertaken to  demonstrate t h e  possibi l i ty  of making geodetic 
measurements where t h i s  osc i l la tor  d r i f t ,  or clock correction, has been 
eliminated by us ing ,  effectively,  a common local osc i l la tor  a t  wide ly  sepa- 
rated stations.  I n  order t o  do t h i s ,  we have developed a higkprecis ion 
phasecoherent l i n k  between VLBI s ta t ions  i n  B r i t i s h  Columbia, Ontario, and 
Maryland using the synchronous s a t e l l i t e  ANIK-B. The system uses the 12/14 
GHz transponder of ANIK-B, and makes only modest power and bandwidth demands 
on the s a t e l l i t e  channel. A two-tone transmission format eliminates the 
necessity for  a coherent s a t e l l i t e  local osc i l la tor ,  and two-way trans- 
mission enables elimination of s a t e l l i t e  position changes as well as  atmos- 
pheric effects .  

Data obtained on l i n k  performance during a f i  t experiment las t ing several 
days show a measured phase s t ab i l i t y  of 2 x IO-'' for a period of one day. 
T h i s  is  superior to  typical VLB measurements of the performance of separated 
hydrogen masers. A complete measured Allen variance versus averaging inter-. 
Val curve has been computed, and clear ly  demonstrates the s t ab i l i t y  of the  
l i n k .  F i r s t  r e su l t s  indicate verification of the ab i l i ty  of t h i s  technique 
to  improve on the short-baseline interferometer method currently used to 
measure Universal Time. The potential of fully-coherent VLBI methods for 
geodetic and astrometric measurements w i l l  be discussed. 
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I n trod uc t ion 

Radio interferometry of natural sources has resulted i n  many advances i n  
astrophysics, geodesy, astrometry, and related f i e l d s  over the past 20 years. 
Radio astronomers have succeeded via the technique of very long baseline 
interferometry (VLBI)  i n  making interferometers wi th  baselines as long as can 
be accommodated on the earth [Batchelor -- e t  a1 ' 19761. 
technique does not require any real-time communications between the inter- 
ferometer s ta t ions,  two major technical problems are generated i f  t h i s  i s  not 
done. First, the data streams must be recorded on wide-bandwidth magnetic 
tapes and shipped to  a central  processing fac i l i ty .  A second limitation is  
t h a t  separate high-accuracy frequency s t anda rds  are requi red  a t  each s t a t ion  
[Meeks, ed., 19761. Our group has been studying the use of geosynchronous 
a r t i f i c i a l  s a t e l l i t e s  t o  eliminate these res t r ic t ions  on VLBI technique. 
Using the Hemes s a t e l l i t e ,  some of u s  [Yen e t  al.,  19771 demonstrated tha t  
real-time high-data-rate transmission of VLBI data via synchronous s a t e l l i t e  
is possible. Our l a t e s t  e f for t  u s i n g  the Anik-B s a t e l l i t e  has investigated 
the use of a synchronous s a t e l l i t e  to  l i n k  the osci l la tor  systems a t  separate 
s ta t ions and eliminate the need for separate frequency standards. We report 
here on the successful l i n k  evaluation experiments, and comments on the 
implications for VLBI usage. 

Although t h e  VLBI 

Theory of Coherent Tone Comparisons 

The basic aim of t he  phase-coherent s a t e l l i t e  e x p e r i m e n t  is to  measure and 
compensate for phase differences between frequency standard osci l la tors .  
T h i s  synchronization of two phase references is  accomplished by transmitting 
a tone fran station A to  B through a s a t e l l i t e ,  and simultaneously trans- 
mitting an independent tone from B t o  A. A t  each s ta t ion,  the phase of the 
tone received from the other station is subtracted from the phase of the 
local reference. These differences measured a t  the two s ta t ions are again 
subtracted to  produce a measure of the change i n  phase between reference 
osc i l la tors  a t  B and A. A complication is introduced by the fact  that  the 
tone mus t  be translated i n  the s a t e l l i t e  to  avoid regeneration. It is pos- 
s ib l e  to  achieve t h i s  translation i n  a coherent manner by means of a 
synthesizer locked to  the incoming tone, as is  done for certain deep-space 
probes. I n  a typical communications s a t e l l i t e ,  however, the s a t e l l i t e  
osci l la tor  is incoherent wi th  respect to  transmitted signals. If the satel- 
l i t e  also transmits a beacon that  is  derived from the same osci l la tor ,  t h i s  
signal can be used to  compensate for s a t e l l i t e  osci l la tor  d r i f t .  This  was 
done i n  our ear l ie r  experiments wi th  the Hemes s a t e l l i t e  [Yen e t  al.,  19771. 
Alternatively, i f  no beacon is available one may simply transmit two tones, 
spaced as far  apart i n  frequency as practical ,  and measure the phase dif- 
ference between the two. The e f fec t  of the s a t e l l i t e  local osci l la tor  is 
t h u s  eliminated a t  the cost of reduced measurement precision, since the 
equivalent car r ie r  frequency for t h i s  purpose is only the frequency d i f -  
ference between the two tones. 

A two-tone method, wi th  a frequency difference of 60 MHz, was chosen for 
our A N I K  experiments  (Fig. 1 ) .  
generated as different  multiples of the same osc i l la tor ,  which are retrans- 
m i t t e d  by the s a t e l l i t e  to  each other station. These tones are transmitted 
i n  one of s i x  sub-bands near 14 GHz and are received i n  one of s i x  sub-bands 

Each s ta t ion .  transmits two unmodulated tones, 
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near 12 GHz. 
of our three s t a t i o n s  receives three p a i r s  of tones;  one from each of the  two 
o the r  s t a t i o n s ,  and a s igna l  t ransmit ted through the  s a t e l l i t e  back to it- 
self. These tones a r e  then each coherently t r a n s l a t e d  to form a comb of s i x  
tones,  a t  f requencies  from 1 t o  7 kHz. The tones a re  each displaced very  
nea r ly  t h e  same amount by the  frequency d r i f t  of  t h e  s a t e l l i t e  t r a n s l a t i o n  
o s c i l l a t o r  and the  s a t e l l i t e  doppler s h i f t ,  b u t  each pa i r  of tones remains 
separated by exac t ly  4 kHz. 
re ference  tone generated a t  t h e  receiving s t a t i o n ,  and recorded on audio tape 
for l a t e r  ana lys i s .  When analyzed, t h e  in tegra ted  phase d i f f e rence  between 
each tone pa i r  and the  reference represents t h e  sum of the  s a t e l l i t e  motion 
along the analyzed path and the  d i f f e rence  between the two s t a t i o n  frequency 
standards.  The phase difference between the  two s tandards is obtaified by 
sub t r ac t ing  the  two complementary phase d i f fe rences ,  a s  der ived i n  the  n e x t  
paragraph. Th i s  system, since it uses only CW tones,  is very econanical of 
spectrum usage. 
d i u r n a l  d r i f t  of the s a t e l l i t e  t r a n s l a t i o n  o s c i l l a t o r  (52 kHd and by the 
s a t e l l i t e  doppler (*lo0 Hz). 
t o  accommodate these s h i f t s .  

Both tones pass through the  same transponder circuitry.  Each 

These tones a r e  then combined wi th  a 4 kHz 

The frequency excursion of each tone is determined by t h e  

Each tone requires a bandwidth only wide enough 

I---------- 1 

Figure  1 - Two-way l i n k  s igna l  modulation- transmission-demodulation scheme. 
f V  is t h e  v ideo  of fse t  appropriate  to t h e  p a r t i c u l a r  s ta t ion.  

a high-precision measure of t h e  path l eng th  ‘change is obtained. 
If the  two complementary phase differences a r e  added instead of subt rac ted ,  

T h i s  
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r e l a t i o n s h i p  has been used by Knowles and Waltman (1980) t o  demonstrate the 
c a p a b i l i t y . o f  measuring a s a t e l l i t e ' s  motion to a prec is ion  of a few centi- 
meters . 
Descript ion of System Hardware 

The de ta i l ed  design used for the  s a t e l l i t e - l i n k  system was somewhat d i f -  
f e r e n t  a t  each of our th ree  s t a t i o n s ,  since each observatory b u i l t  i ts  l i n k  
independently using e x i s t i n g  hardware where possible .  
comnunications sa t e l l i t e .  The nominal upl ink  band which we use is centered 
a t  14.24 GHz and the  nominal downlink band is centered a t  11.94 G H z .  Our 
three l i n k s  were not a l l  assigned the  same transponder because of antenna 
beaming cons t r a in t s .  For these reasons,  we w i l l  concentrate  on the  bas ic  
p r inc ip l e s  used i n  system design. For the  uplink, we first generate  by means 
of appropr ia te  synthes izers  two phase-coherent tones separated by exac t ly  
60.0 MHz, a t  a center frequency of about 150 MHz. These a re  then t r ans l a t ed  
upwards i n  frequency so t h a t  each tone f a l l s  c lose  to the  edge of one of the  
Anik-B sub-bands. The two tones a re  t h e n  amplified by a traveling-wave-tube 
ampl i f ie r  and sen t  up t o  the  . s a t e l l i t e  through a d ip l exe r .  Tones re turn ing  
from the  s a t e l l i t e  from a l l  three s t a t i o n s  a r e  received on the  same antenna, 
separated by the  d ip l exe r  and t r ans l a t ed  downward t o  audio frequencies.  The 
following protocols  a r e  observed. F i r s t l y ,  the  t o n e p a i r s  of d i f f e r e n t  
s t a t i o n s  a r e  arranged so t h a t  they a r e  a nominal 1 kHz a p a r t  a t  the receiving 
s t a t i o n  before s a t e l l i t e  doppler is considered. Secondly, a t  video frequency 
t h e  tones a r e  mixed so t h a t  each pa i r  of tones is separated by exac t ly  4 kHz, 
with t he  lower frequency of each pa i r  a t  1,  2 and 3 kHz. The major port ion 
of t h e  apparent s a t e l l i t e  frequency change of about kHz is  common to  a l l  
three base l ines ,  so a l l  tones w i l l  s h i f t  i n  frequency by close to the same 
amount, and the  d r i f t  may be compensated f o r  by a s ing le  va r i ab le  frequency 
synthes izer  a t  each s t a t ion .  By using the dual-tone method, only the 
coherence of t h e  o s c i l l a t o r s  needed t o  generate  and demodulate the  tone-pairs  
is important. None of the  t r a n s l a t i o n  o s c i l l a t o r s  need be coherent,  although 
i n  p rac t i ce  a l l  except for the  s a t e l l i t e  t r a n s l a t i o n  o s c i l l a t o r  a r e  synthe- 
sized from a master s t a t i o n  standard.  

Anik-B is a multi-user 

When each tone-pair  is received,  it must be demodulated by a phase 
de tec tor .  I n  p r inc ip l e ,  t h i s  phase-Comparison can e a s i l y  be done i n  r e a l  
time, and the  phase co r rec t ion  can then be applied t o  one of the s t a t i o n  
frequency s tandards t o  make a true phase-closed loop. We.chose not to  do 
t h i s  for t h e  i n i t i a l  experiment; i n s t ead ,  t h e  tones were recorded on an audio 
tape  recorder a t  each s t a t i o n  and analyzed l a t e r  wi th  a playback processor 
developed f o r  the  purpose. Doing th ings  t h i s  way made possible ex-post-facto 
dec is ions  on l i n k  ana lys i s  parameters t h a t  would not have been possible  i f  
t he  loop had been closed i n  r e a l  time. However, we d i d  need to introduce 
addi t iona l  complexity t o  dea l  with the  va r i ab le  tape speed of standard audio 
tape  recorders .  
On the  other we recorded the  three tone-pairs mentioned above, p lus  a l o c a l l y  
generated 4 kHz tone. 

On one of t he  two audio channels we recorded a time code. 

A block diagram of our playback machine is shown i n  Figure 2. I n  order to 
e x t r a c t  t h e  d i f f e r e n t i a l  phase information a special-purpose audio processor 
was constructed.  The processor first t r a n s l a t e s  the s i x  s a t e l l i t e  tones 
upward about 10 kHz by means 0 f . a  common l o c a l  o s c i l l a t o r  t h a t  is varied t o  
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compensate f o r  sa te l l i t e  doppler s h i f t .  Each indiv idua l  tone is extracted i n  
a separa te  f i l ter ;  then each pa i r  of tones is m i x e d  together  to  e x t r a c t  a 4 
kHz difference frequency. 
w i t h  t h e  4 kHz reference tone. Since the reference is also extracted from 
t h e  tape ,  t h e  tape recorder  motion uncer ta in ty  is  eliminated. 
pa i r  we produce in-phase and quadrature phase outputs ;  these a re  then digi-  
t i zed  a t  a 10 Hz r a t e  and sent t o  a Hewlett-Packard 2116 minicomputer. The 
timing of the  samples is cont ro l led  by i n t e r r u p t  fran a time code ext rac ted  
from the tape.  
t a sks  of measuring phase and counting tu rns .  The phase da ta  is then accumu- 
l a t ed  on d isc ;  on f i n a l  da ta  reduction a software id l ing  rout ine  extends the  
phase over tape changes, dropouts,  etc. This  is  made f e a s i b l e  by the f a c t  
t h a t  the  measured phase, except f o r  t he  i n t e g r a l  revolut ion pa r t ,  recovers  
exact ly  a f t e r  a da t a  gap. 

Each 4 kHz difference frequency is phase compared 

For each tone 

The minicomputer, programmed i n  Forth, handles the  subsequent 

--DIGITAL PORTION ANALOG PORTION 

TIME - n n  XXYYZZ 

Figure 2 - Special-purpose s a t e l l i t e - l i n k  da ta  processor. 

Experimental Procedure and Analysis 

The work described here was undertaken to inves t iga t e  the f e a s i b i l i t y  of 
operat ing an opera t iona l  p h a s e l i n k  between North America observa tor ies  i n  
order to  e s t a b l i s h  a system for high prec is ion  geodesy and astrometry 
measurements. 
valuable  i n  the  design of t he  various Long Baseline Arrays now underway. 

I n  addi t ion ,  it is  expected t h a t  our experience w i l l  prove 
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I n  carrying out these s t u d i e s ,  the Anik-B s a t e l l i t e  was used to  establish a 
phase l i n k  between the following observatories: 
1. Algonquin Radio Observatory(ARO), Lake Traverse, Ontario, Canada 
2. Dominion Radio Astrophysical Observatory(PEN) , Penticton, B.C., Canada 
3. Naval Research Laboratory(NRL1, Nanjemoy, Maryland, U. S. A. 

For the  radio astronomy portion of the observations, we used antennas of 46 
m diameter (ARO) and 26 m diameter (PEN and NRL). Each of the three s ta t ions 
was equipped to  observe astronomical sources a t  both 1 1  un and 21 an wave 
lengths t o  help compensate for ionospheric effects.  
diameters were 4.5 m(PEN), 10 m ( A R O ) ,  and 25 m(NRL) .  A hydrogen maser was 
available a t  NRL; rubidium standards were used a t  the other sites. 
experiment described here took place during A p r i l  7-12, 1980 and provided an 
excellent evaluation of phase l i n k  performance over a l l  time scales up t o  one 
day or longer. A similar experiment has been performed by van Ardenne - e t  a l .  
(1981); however, there are two important differences between their resu l t s  
and ours. F i r s t l y ,  our l i n k  operated between separated s ta t ions,  thus enabl- 
ing more extensive tests of the poten t ia l i t i es  of the method. 
obtained continuous phasel ink data for a period of several days to  s t u d y  
long-term effects.  

Phase-link antenna 

The. 

Secondly, we 

Table I 

S a t e l l i t e  Link  Signal-to-noise Parameters for Penticton Link  

Upl ink  Downlink 
Naninal Frequency 14 GHz 12 GHz 

Transmitter Power 20 watts 

Transmitting Antenna 54 db 
Gain 

Effective isotropic 67 dbW 
Radiated Power ( P I  

Modulation correction: 
for 4 tones -6 db 
for bandwidth sharing 
250H z/70MHz 

Free Space Loss (Lfs) -206.6 db 

G /T 0 db/% 

10 log B 24 db 

C/N 59 db 

C/N for NRL l i n k  56.6 db 

46.5 dbW 

-26.1 db 

-205.1 db 

25.4 db/% 

24 db 

45.3 db 

52.2 db 

Carrier- to-interference 
r a t i o  for s a t e l l i t e  channel 
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Although the signal-to-noise r a t io  for the s a t e l l i t e  l i n k  varied with each 
s ta t ion ,  we present i n  Table I an analysis for the worst case as an example. 
Results expressed are carrier-t-noise ra t ios  according to  the standard 
s a t e l l i t e  engineer's relationship [Reference Data for Radio Engineers, 19681. 
We assume a ground transmitter power ou tpu t  of 20 watts and a receiving band- 
wid th  of 250 Hz. which is s e t  by our audio f i l t e r s  and clear ly  could be ink 
proved for better signal-t-noise ratio.  We are l i m i t e d  i n  signal-to-noise 
r a t io  primarily by the s a t e l l i t e  carrier-to-interference rat io .  T h i s  and the  
additional loss  factor of 26 db resul t  because we were c-users of the satel- 
l i t e  channel, so were only allowed to  use part of the s a t e l l i t e  output power. 
The signal-to-noise figures reported by van Ardenne e t  a l .  (1981) assume sole 
use of a s a t e l l i t e  channel. 

h h The period from 12 U.T. on A p r i l  8 t o  12 U.T. on A p r i l  9 was chosen as a 
period for thorough analysis of phase-link performance. Graphs and para- 
meters w i l l  be primarily fran t h e  Algonquin-Penticton l i n k ;  t he  other two 
baselines showed similar performance, Fig. 3 represents a sample of short- 
term path length measurements fran a one-way l i n k ,  i l lus t ra t ing  the typical 
noise behavior of the l i n k .  A s  w i t h  a l l  data i n  t h i s  section, the data 
actually represents degrees of observed phase a t  60 MHz, which has been 
converted to  a time representation. 
short-term variance of t h i s  noise is about 25 picoseconds ( t h e  curvature of 
the graph is an effect  of the s a t e l l i t e  motion). 

The noise has a white spectrum. The 

I100 picoseconds 

Figure 3 - Sample of short-term l i n k  noise (sampling interval  0.1 second). 
Data is NRL a t  Penticton. 
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Figure 4 - Total phase exaursion of Pent ic ton s igga l  received a t  Algonquin 
during the period from 12 on Apr i l  8,  1980 t o  12 on Apr i l  9 ,  1980. Tota l  
peak-t-peak excursion is about 102 microseconds = 15.3 kio lane ters .  

Since examination of the  da t a  a t  intermediate  time s c a l e s  showed no evi- 
dence of unexpected effects, a 24 hour sample of the l i n k  da ta  was analyzed. 
The 24-hour period is a na tu ra l  one f o r  examining t h i s  sort of da t a  because 
almost a l l  per turb ing  effects, f ran  whatever cause (e.g. s a t e l l i t e  heat ing,  
ionosphere,  s a t e l l i t e  o rb i t ,  etc.) would be expected to  appear on t h i s  time 
scale. Fig. 4 shows the in tegra ted  phase measured on the Pent ic ton t o  
Algonquin l i n k .  The l a r g e  sine wave wi th  a 24-hour period is t h e  r e s idua l  
sa te l l i t e  motion, with a peak-t-peak amplitude of about 103 microseconds, 
corresponding t o  15 kilometers of sa te l l i t e  motion. I n  order  t o  determine 
t h e  r e l a t i v e  d r i f t  of two frequency standards t h e  measurement of t h e  phase a t  
ARO from PEN is subtracted form the measurement a t  the phase of PEN from ARO, 
according to  equation 10. The r e s u l t a n t  appears a s  a s t r a i g h t  l i n e  wi th  a 
measured slope of -2.6870 microseconds/day. This  corresponf? to an error i n  
rate of one rubidium standard upon the order of -3.15 x 10- 
determine t h e  measurement errors i n  the 'double-subtracted d a t a ,  t he  result 
must be examined on an expanded sca l e  by subt rac t ing  the frequency s tandards 
slope. Fig. 5 shows the da ta  from the Penticton-Algonquin base l ine  with t h i s  
done. The remaining curvature  is believed t o  represent  the d i f f e r e n t i a l  
second d e r i v a t i v e  of the two standards.  

. I n  order t o  
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1.0 nanoseconds T 

Figure  5 - Measured r a t e  o f  advance o f  frequency s tandard  a t  Pen t i c ton  upon 
t h a t  a t  Algonquin, w i t h  s c a l e  expansion of 1000K and s lope  removed t o  show 
r e s i d u a l  excurs ions .  The pa rabo l i c  compoonent is bel ieved t o  r ep resen t  the  
d i f f e r e n t i a l  rate-of-change of t h e  top  frequency s tandards .  

I f  we sum the  phase d i f f e r e n c e s  from a l l  three s t a t i o n  p a i r s :  

- oA1 + l oc  - oB1 + [aA - oc l  = E BA + ‘CB + E  AC [@B 
we obta in  a phase c l o s u r e  r e l a t i o n s h i p  which gives a measure of the link 
errors independent of  t h e  behavior of t h e  s t a t i o n  frequency s t anda rds .  
For the  24-hour per iod discussed here, 

= -2.6870 useconds 
= +1.4079 useconds 
= +1.2809 useconds 

+O .0011 weconds 

tA - tP 
tN - tA 
tp Sum - tN 

The c l o s u r e  e r r o r  o f  1.1 nanosecgnds r e p r e s e n t s  23 degrees  o f  phase a t  t h e  60 
MHz difference frequency. A t  03 on A p r i l  9 a syn thes i ze r  a d j u s t m e n t  a t  
Algonquin apparent ly  resulted i n  a phase jump of 0.4 t u r n s  which has  been 
e l imina ted  from Fig.  5. 
r e l a t i o n s h i p .  

T h i s  adjustment  does  no t  a f f e c t  t h e  phase c l o s u r e  

We used t h e  data  from the  sample per iod to  estimate the  Allen va r i ance  o f  
t h e  l i n k ,  a s  is shown i n  t h e  s o l i d  curve  of F igu re  6. The Allen va r i ance  f o r  
time i n t e r v a l s  of  less than  60 seconds was computed from a t y p i c a l  one-way 
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l i n k ;  for  i n t e r v a l s  of one minute  and longer it was computed From the  >has+ 
c losure  r e l a t i o n s h i p  of a l l  t h r e e  base l ines .  . I t  was necessary t o  use the  
phase-closure r e l a t i o n s h i p  t o  measure t h e  l i n k  parameters because over lnter- 
v a l s  of longer than about 10 minutes the two-way l i n k  var iance is c l e a r l y  
dominated by t h e  frequency d r i f t  r a t e  ?$ one rubidium standard upon the 
other ,  and levels off a t  about 3 x 18- for t h e  Algonquin-Penticton pa i r .  
The Allen var iance is about 3-f410- f o r  a sampling in te rva l  of 0.1 second, 
and decreases  t o  about 1 x 10 
poin ts  may be approximately represented by a s t r a i g h t  l i n e  with a s lope  of 
-0.85; t h i s  compares w i t h  t h e  s lope of  -1.0 t o  be expected from a l i n k  com- 
p l e t e l y  daninated by short-term noise. The most important q u a l i t a t i v e  con- 
clusion to  be drawn from t h i s  graph is t h a t  the  var iance is sti l l  decreasing 
rap id ly  a t  t h e  longest  sampling in t e rva l s .  
a t r u l y  phase-stable l i nk .  
these results is about 2 x for a period of one day, and about 3 x 
for  a period of ten days. 

a t  a sampling i n t e r v a l  of 8 hours. The da ta  

Th i s  is a necessary condi t ion f o r  
Th predicted phase s t a b i l i t y  based solely on 

Af 
f 
- 

Figure 6 - Measured A l l e n  var iance of the s a t e l l i t e  l i n k  a s  a funct ion of 
averaging i n t e r a v l  for the  sample period. Solid l i n e  is variance measured 
from three-baseline phase closure;  do t t ed  l i n k  is measured from comparison 
w i t h  r ad io  astronomy data .  
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Figures for l i n k  s t a b i l i t y  expressed i n  time u n i t s  a r e  about 100 pico- 
seconds fo r  a one-second averaging time, and about 300 picoseconds fo r  an 
8-hour averaging in t e rva l .  
60 MHz difference frequency. Although t h e  Allen var iance graph does 'no t  show 
t h i s  c l e a r l y ,  there a r e  observed excursions i n  t h e  phase i n  c e r t a i n  base l ines  
with a quasi-period of seconds t o  minutes t h a t  a r e  believed to  be a result of 
cross-modulation e f f e c t s  i n  our l i n k  decoding c i r c u i t r y .  Reducing these will 
c l e a r l y  improve t h e  precision of t h e  l i nk .  

The l a t t e r  represents about 13' of phase a t  the  

Astronomical VLBI da t a  was a l s o  recorded during the  sample period using a 
s e l ec t ion  of s t rong r ad io  sources. The rad io  source da ta  was used to  check 
t h e  clock r a t e  determined from t h e  l i n k ,  and f o r  an independent computation 
of t h e  Allen variance.  The d i f f e r e n t i a l  clock r a t e  computed from t h e  r ad io  
astronomy measuremepp [Cannon - e t  a l .  198_ld f o r  the  ARO-PEN base l ine  was 
+2.76 f 0.014 x 10- / h r ,  which agrees  s a t i s f a c t o r i l y  
within its errqy limits with the  morq4precise s a t e l l i t e  l i n k  value of +2.8658 
f 0.0014 x 10- After using the l i n k  phase t o  
co r rec t  t he  r ad io  astronomy phase, an Allen var iance was computed from 9 
hours of astronomical da ta  for the  ARO-PEN b a s e l i n e ,  and is plotted as t h e  

+ 6.39 f 0.27 x 10 

+ 6.25 * 0.14 x 10- /hr.  

dot ted l i n e  i n  Fig. 6 .  

The var iance computed from the  l i n k  da ta  represents  t h e  i n t e r n a l  consist-  
ency of measurement of t h e  l i n k  proper, independent of the performance of the 
frequency s tandards.  
randan cont r ibu t ion  t o  l i n k  error, and a l l  systematic errors except those t o  
which the  l i n k  should, be immune. Er rors  which a r e  cor re la ted  between the  two 
p a i r s  of tones comprising a two-stat ion l i n k  a r e  not f u l l y  shown by the  phase 
c losu re  test ,  but  a l l  e f f e c t s  of t h i s  type  should be f u l l y  cancelled by t h e  
two-tone d i f fe renc ing  scheme used. The var iance computed fran t h e  radio 
astronomy data should provide a more comprehensive test of the  l i n k ,  as  Well 
as including addi t iona l  e r r o r  sources associated with the rad io  astronomy 
receivers and atmospheric path. It  is thus  s u r p r i s i n g  to f ind the es t imates  
for  t h e  one-minute time range somewhat below those fo r  the l i n k  se l f - t e s t .  A 
possible explanation is t h a t  the mediumterm noise was s i g n i f i c a n t l y  worse on 
one of the base l ines ,  since the phase-closure variance includes information 
from a l l  three basel ines .  The rad io  astronomy variance s lope is s i g n i f i -  
can t ly  different from -1 : possible  per turba t ive  effects t h a t  could cause t h i s  
i n c l u d e  phase d r i f t s  i n  the  long cables  associated wi th  t ransmi t t ing  oscil- 
l a tor  phase to  the  r a d i o  astronomy receivers, and atmospheric delay changes 
t h a t  t h e  l i n k  system has cancelled.  

The phase c losure  test g ives  a true est imate  of the 

System Error Sources and Possible Improvements 

Modeling of system errors is made somewhat d i f f i c u l t  by the va r i ab le  
condi t ions  when t r a n s i t i n g  the s a t e l l i t e .  
e r r o r  should be governed by the standard re la t ionship :  

The random component of t h e  phase 

T 

2 (SIN (2 1 a =  

for measurements of phase. Our signal-to-noise r a t i o  is l i m i t e d  pr imari ly  by 
t e l ev i s ion -ca r r i e r  in te r fe rence .  Using t h e  value from Table I ,  our predicted 
random phase noise is about 0.005. 
randomly, so t h a t  it can be averaged down, t h e  es t imate  w i l l  improve fu r the r .  

I f  one assumes t h a t  t he  noise  behaves 
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O u r  ac tua l  short-term noise is about Of5. 
t h e  predicted value. 

output.  I n  analyzing t h e i r  importance it is he lpfu l  to keep i n  mind two 
p r i n c i p l e s  of t he  double-tone method. I n  paths  with two tones t h e  inform- 
a t i o n  is extracted fran the  phase d i f f e rence  between the  toces; t h u s  t hese  
pa ths  a r e  not  a f fec ted  by opera t ions  which add a constant  phase d i f f e rence  t o  
each of t h e  two tones such a s  frequency t r ans l a t ion .  I n  two-way paths  t h e  
information is ext rac ted  from the  d i f f e rence  i n  t he  path delays and is thus  
in sens t ive  to symmetric changes i n  path length,  a s  long a s  the time sca l e  is 
not  s i g n i f i c a n t l y  sho r t e r  than the  0.25 second l i n k  t r a n s i t  time. 

This is s i g n i f i c a n t l y  worse than 

A l a r g e  number of effects can cause systematic  errors i n  the measured l i n k  

The troposphere causes  an excess delay i n  s i g n a l s  t r a n s i t i n g  it i n  t h e  
X-band frequency range of about 5 meters. T h i s  de l ay  is frequency indepen- 
d e n t ,  and should cancel  canple te ly  except for the  small cmponent wi th  period 
< 0.25 seconds. Tota l  ionospheric e f f e c t s  a r e  very  small  a t  X-band. A t  12 
GHz, t he  t o t a l  of excess delay a t  zen i th  is about 15 ay70r - 300 picoseconds 
for a t y p i c a l  daytime t o t a l  e l ec t ron  content  of 5 x 10 m , and about 10% 
of t h a t  a t  night .  I n  analyzing the  ionospheric e f f e c t ,  we should first note 
t h a t  any per turba t ion  t h a t  is the  same a t  s t a t i o n  A and s t a t i o n  B w i l l  appear 
i d e n t i c a l l y  i n  both the  A-B l i n k  and the  B-A l i n k ,  and w i l l  appear a s  a 
change i n  l i n k  path length  and t h u s  cancel when consider ing frequency stand- 
ards .  
red. 
t e n t  is different  a t  s t a t i o n  B than a t  s t a t i o n  A. I n  t h i s  case,  the  f u l l  

on the  downlink appears a s  a phase change of t he  frequency standard.  
uplink and downlink e f f e c t s ,  i n  t u rn ,  a r e  obtained by d i f fe renc ing  the  
ionospheric  effect a t  the two tone-pair  f requencies  separated by 60 MHz. 
a normal daytime ionosphere a t  only one s t a t i o n ,  t h i s  double-differenced 
effect amounts t o  o n l y  0.06 cm, o r  0."05 of 60 MHz phase. 
e f f e c t  a r i s e s  f ran  the  f a c t  t h a t  the uplink and downlink f requencies  a r e  not 
exac t ly  symmetrical. For t y p i c a l  daytime ionosphere values ,  t h i s  effect 
amounts t o  O f O O l .  
comparison wi th  our present l i n k  accuracy. . 

Thus only var ious second-order d i f f e r e n t i a l  e f f e c t s  need be conside- 
The most important of these occurs when the  ionosphe rk  e l ec t ron  con- 

, d i f f e r e n c e  due t o  d ispers ion  between the  phase change on the  uplink and t h a t  
The 

For 

Another possible 

The expected e f f e c t s  f ran  the  ionosphere a re  thus  small i n  

The s a t e l l i t e  transponders can cause apparent path changes i n  two different  
ways. Group delay may be d i f f e r e n t  i n  t h e ' s a t e l l i t e  TWT ampl i f i e r s  used i n  
t h e  forward and reverse paths. I n  t h e  operat ion of t he  Anik-B s a t e l l i t e  t h e  
same TWT is  normally used for the  forward and reverse paths between ARO and 
NRL, b u t  two separa te  TWT1s a re  involved on the  paths  to PEN. I n  addi t ion ,  
t h e  group delay may d i f f e r  within each TWT between high and low band edges. 
Both these effects might be expected t o  change wi th  changes in  t h e  t o t a l  TWT 
t r a n s m i t t e r  power, but no phase s h i f t s  a t t r i b u t e d  to t h i s  source have been 
seen i n  the data.  A t  t h e  ground s t a t i o n s  s imi la r  effects may occur due t o  
thermal changes i n  the  opera t ing  poin t  of the  t ransmi t t ing  TWT ampl i f ie rs .  
Cable delay errors should be small s ince  the  t ransmit  and receive cables ,  
while  separa te ,  a r e  i d e n t i c a l  types and i n  a s imi la r  environment. Er rors  i n  
the frequency synthes izers  used to  generate  t h e  60 MHz s p l i t  on t ransmi t  and 
t o  remove it on receive w i l l ,  however, be seen i n  the  l i n k  output.  

Most of t h e  errors due to the  tape recording of the  tones a r e  canceled by 
t h e  use of t h e  4 KHz reference tone. One of t h e  major sources of error in  
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the data shown here was found to  be different ia l  phase s h i f t s  i n  the audio 
electronics as  the frequency of the en t i re  ensemble of recorded tones s h i f t s  
due to  the s a t e l l i t e  doppler s h i f t s  and the d r i f t  i n  the s a t e l l i t e  trans- 
la t ion osci l la tor .  I n  future experiments t h i s  d r i f t  w i l l  be removed before 
recording. A second source of error which probably limits the short-term 
performance of the present l i n k  i s  insufficient separation of the tones i n  
the audio f i l t e r ing  i n  the playback processing. The effect  of t h i s  cross- 
modulation is seen as quasi-periodic "beats" i n  some of the l i n k  data. 

Finally, the l i n k  only measures the performance of the frequency standards 

While it 
a t  i ts  i n p u t  terminals. 
remain when the l i n k  data and VLBI data are combined and compared. 
is d i f f i c u l t  t o  estimate exactly how much l i n k  performance can be improved, 
it seems reasonable tha t  re la t ively simple improvements i n  the playback 
electronics t o  optimize noise performance and to  reduce cross-modulation of 
tones can improve performance by one order of magnitude. 

Errors i n  the VLBI portion of the experiment w i l l  

Conclusions 

Interest  i n  coherent osci l la tor  l i n k s  has been divided into two parts. 
First, the use of a l i n k  to  provide a true phase-connected interferometer 
over long time intervals.  Second, use of the s a t e l l i t e  l i n k  over short-to- 
medium time intervals to  eliminate the necessity for hydrogen masers as  
frequency standards. 

Our experiment has already demonstrated t h e  feas ib i l i ty  of using a satel- 
lite phase link t o  provide a phasestable  interferaneter a t  moderate micro- 
wave frequencies. We see no evidence, i n  either the data presented here or 
i n  our other data samples; that  phase error accumulates i n  other than a 
bounded fashion. Clearly, we can to first order eliminate a l l  effects  of the 
s a t e l l i t e ' s  motion, as well as the effect  of the incoherent s a t e l l i t e  oscil- 
l a tor .  Based upon the error analysis of the previous section, we can expect 
a s t ab i l i t y  of about f 175 picoseconds over a one-day interval,  and about * 
250 picoseconds over intervals of ten days or longer. For a one-day inter- 
val ,  t h i s  corresponds t o  * 63" of phase a t  a frequency of one GHz. 
provement of one order of magnitude i n  the l i n k  performance, as discussed i n  
the prev.ious section, would make possible phasestable  performance a t  a 
frequency of 10 GHz. 

An in+ 

When considering short-term variance, the picture is more complex. 
Experiments wi th  hydrogen masers-+! the laboratory have shown a s tab i l ty  over 
a period of hours approaching 10 . Accepting these figures, our present 
l i n k  should be better than a hydrogen maser over periods of a day or longer; 
the improved l i n k  should be superior for periods of 3 hours or longer. 
However, the experimental experience of radio astronomers has not supported 
the hydrogen maser laboratory measurements. Water vapor long baseline 
interferometer experiments consistently indicate a maximum coherent i n t e -  
gration time of BQout 5 minutes, which corresponds to  a frequency s t a b i l i t y  
of about 5 x 10- 
which case it represent a fundamental l i m i t  t o  the useful accuracy of f r e  
quency standards for t h i s  purpose. We achieve t h i s  s t ab i l i t y  i n  one hour 
with our present results, or i n  6 minutes with proposed improvements. 
indeed holds promise for replacing hydrogen masers. As mentioned ea r l i e r ,  

. T h i s  may be due to  the effect  of the atmosphere, i n  

This  
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our experimental evidence shows clearly that  we already exceed the perfor- 
mance of a rubidium standard over interval's of longer than several minutes. 
The improved level of performance holds significant pranise for replacement 
of frequency standarqf i n  VLBI experiments (see Fig. 7 ) .  If the st i l l  higher 
precision of 1 x 10- claimed by van Ardenne e t  a l .  (1981) for a one-station 
experiment can be extended to  a two-station l i n k ,  t h i s  would st i l l  further 
improve the potential for a coherent l i n k .  

h 
n 
c 

lo-" 
I mlnutr I hour I 

I I I I  I I I II I 

lo-' IO0 10' IO2 lo= io4 IO6 IO 

AVERAGING TIME, 7 (sed 

Figure 7 - Comparison of l i m i t i n g  performace of various frequency standards 
(and the atmosphere) for VLBI work. Presently achieved prefonance of ANIK-B 
s a t e l l i t e  l i n k  is  shown as a solid l ine;  possible improved performance as a 
dotted l ine.  

Further improvement i n  accuracy may. also be possible by us ing  a llone-tonen 
method. 
termining the exact time of s a t e l l i t e  t r ans i t  and comparing two signals t ha t  
transited the s a t e l l i t e  of the same noise. T h i s  method has the capabili ty of 
more precise phase determination because t h e  f u l l  carr ier  frequency is  u t i -  
lized. Work is underway to  see i f  the one-tone method can indeed be ut i l ized 
effectively.  

T h i s  method basically eliminates the s a t e l l i t e  osc i l la tor  by de-  

I n  making geodetic measurements us ing  VLBI techniques it is not absolutely 
necessary to  know the long-term phase correction between s ta t ion osc i l la tors ,  
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a s  t h i s  can be separated and solved f o r  i n  a least-square so lu t ion  with t h e  
desired observables. However , knowledge of the  clock cor rec t ion  c l e a r l y  
increases  t h e  weight and accuracy of t h e  so lu t ion .  

Phase-coherent connection between sources by rapid antenna slewing is a 
technique t h a t  provides optimuum as t romet r ic  accuracy. This  technique has 
been attempted w i t h  a t  best p a r t i a l  success becuase of frequency s tandards 
i n i t a t i o n s .  A l i n k  t h a t  enables  phase-stable connection over i n t e r v a l s  of 
10-20 minutes ,  a s  t h i s  technique should i n  the  improved mode, w i l l  enable 
t h i s  observing technique t o  be used e f f ec t ive ly .  

The economics of such a l i n k  involves the  c a p i t a l  cos t  of s a t e l l i t e  ground 
s t a t i o n s  and the  c o s t  of s a t e l l i t e  time. I n  both,  the  economics of t h i s  
method a r e  made qu i t e  favorable  by the  low information r a t e  required.  A 
standard earth-terminal antenna can be b u i l t  f o r  about $50,000. The band- 
width required from the  s a t e l l i t e  system is two narrow bands which can be 
u t i l i z e d  a t  the  same time a s  a commercial t e l e v i s i o n  transmission. I n  ad- 
d i t i o n ,  i f  only long-term phase information is required, continuous opera t ion  
i s  not necessary. If an addi t iona l  tone is added t o  take ca re  of ambig- 
u i t ies ,  t he  l i n k  need be operated for only brief periods. 

T h i s  type of multi-tone phase-measuring system should a l s o  be usefu l  fo r  
accurate  time comparisons. I t  is p o t e n t i a l l y  more accurate  than e x i s t i n g  
methods measuring group delay by some means, such a s  s a t e l l i t e  time d i s -  
semination and VLBI group delay measurement. 
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ABSTRACT. In November 1980 the Deutsche 
Forschungsgemeinschaft has adopted plans sub- 
mitted by the SFB 78 to develop the Satellite 
Observation Station Wettzell into a fundamental 
geodetic station for global geodynamics programs. 
The most important step towards fulfilling these ' 

plans is to build a dedicated geodetic radio- 
telescope for Very Long Baseline and Satellite 
Interferometry. The telescope with a diame.ter of 
20 m has been designed for optimal stability and 
will be equipped wi th  a modern Mk 111 VLBI terminal 
as well as a hydrogen maser. 

The installation of the new radiotelescope which 
will then be available for dedicated geodetic and 
geodynamic observing programs is scheduled for 
May to December 1982; routine operations should 
commence late in 1983. 

1. GENERAL REMARKS 

Since the early 1970's the. ge0de.t'i.c. satellfte kracki'ng efforts fn. 
the Federal Republic of Germany have.heen concentrated at the. 
Satellite Observation Station We.t'tzel.1 which. 'is operated mainly 
by the Institut fiir Angewandte Geo'd2isie (.Alj.t, 1:I. DGFI:) acting on 
behalf of the Sonderforschwngsljereich 78 Satdli.tengeod2isf.e ' 
(Special Research Group on Satellite. 'Geodesy) of the.. 'Technische. 

"1 SFB 78 = Sonderforsch.ungsberei.ch. '78 - Satelli.tengeod3sl.e - 
der TU Munchen 
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Universitzt Miinchen (SFB 78). Within thi's community of satellite 
geodesists the research activities of the followi'ng agencies 
have been joined together: 
- Lehrstuhl fiir Astronomische und Physikallsche GeodXsie. der 
- Institut fur Angewandte GeodZCsie (Aht. I1 DGFI)? Frankfurt aOM4? - Abteilung I des Deutschen Geodtitischen Forschungsinstitutes, 
- Bayerische Kommission f i r  die Internationale Erdmessun-g,MUnchen 
and only since 1980 - Geodatisches Institut of the Universitzt Bonn. 

TechnischenUniversitXtMiinchen, 

Munchen, 

Until now the activities at Wettzell have heen concentrated on 
laser ranging to satellites with a short pulse Neodymium--YAG 
laser system (SRS), Doppler measurements, a limited period of 
C-Band Radar observations during the GEOS-11.1 campaign and in 
the earlier years also optical observations wi'th cameras, During 
the last years efforts have commenced to modify the SRS-system 
to add lunar laser ranging (LRS) capabilities by installing 
additional hardware and software. To satisfy the needs of all 
the tracking systems a dedicated precise time service with 4 
rubidium and 3 caesium frequency standards has been established. 

Until now geodetic VLBI has only been performed in this country 
by a VLBI group which was established in 1978 at the Geodatisches 
Institut in Bonn using the 100 m radiotelescope at Effelsberg, 
30 km to the southwest of Bonn. 

It has already been recognized in 1979 that it would be necessa- 
ry to make much more observation time available at a suitable 
radiotelescope, as the limited amounts of time available at the 
Effelsberg telescope are far too short to permit satisfactory 
participation in the international geodynamic programmes set up 
to determine intercontinental baselines, polar-motion and UT1 on 
a regular basis. 

Original plans to equip another radiotelescope with the addi- 
tional hardware necessary to participate in geodetic VLBI 
experiments (e. g. X- and S-band receivers, a Mark I11 data 
terminal and a hydrogen maser) were abandoned when plans were 
developed to upgrade Wettzell into a fundamental geodetic refe- 
rence station equipped with all kinds of tracking systems used 
in international geodynamic programmes. 

Following these general ideas plans have been worked out in 1979f 
1980 to procure and install a dedicated geodetic radiotelescope 
for installation in Wettzell in 1982/1983: .the instrument was 
devised to include modern equipment such as e. g. a Mk I11 ter- 
minal, a HP 1000-F computer field system and a hydrogen maser 
frequency standard. 

The project was approved and considered to be highly reasonable 
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as - the necessary amount of observation time is not available at 
- other radiotelecopes in the Federal Republic of Germany have the 100 m telescope at Effelsberg; 

to fulfill special requirements with permanent lyhigherprior i -  
tY f 

cations than geodesy which would mean that expensive modifica- 
tions would be necessary: 

systems in a co-location mode at one single station so that 
remaining systematic effects can be detected. 

- all the existing antennae have been designed for other appli- 

- it is highly desirable to operate the different tracking 

The proposal was accepted by the Deutsche Forschungsgemeinschaft 
(German Research Council) late in 1980 and the necessary funds 
were included in the budgets of the Institut far Angewandte Geo- 
d h i e  and the Deutsche Forschungsgemeinschaft for the years from 
1981 to 1984. Upon completion, the equipment will be available 
for VLBI experiments in cooperation with interested partners in 
Europe and overseas. 

At this time an agreement is being worked out betweentheU.S. 
National Geodetic Survey and the Sonderforschungsberei'ch. 78 to 
conduct co-operative programmes of observation $between the 
U.S. POLARIS stations and Wettzell with the objective of improv- 
ing the determination of polar motion and earth rotation para- 
meters. 

With the highly sophisticated tracking devices which will be 
available in Wettzell as soon as the lunar modifications of the 
Satellite Ranging System are completed and the new radiotele- 
scope is operational - keeping in mind that all this equipment 
will be linked to a single precise time servic.e -, the SFB 78 
will be in a position to operate one of the few fundamental 
geodetic and geodynamic reference stations necessary to the ful- 
fillment of the aims of future global geodynamic programmes. 

2. THE CONCEPT OF THE NEW RADIOTELESCOPE 

The main purpose of the new radiotelescope will'be 
- to monitor polar motion, earth rotation and earth tides, - to measure and detect global plate motions and - to serve as a reference station for regional projects in which 

base-line determinations will be carried out using mobile VLBI 
equipment in areas of particular geodynamic interest, e. g. in 
the Mediterranean region. 

On the one hand the design had to be based on these applications, 
keeping in mind the financial restrictions on the. other, Bearing 
in mind these two criteria which seem to be almost contradictory, 
the question to determine the size of the main reflector proved 
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to be the most predominant factor. It is possible to define 
aspects in favour of a large diameter for the antenna as well as 
setting up conditions which would be satisfied by a smaller 
reflector. 

Some particular aspects seriously affected by the size of the 
main reflector are as follows: 
a) operation with a partner radiotelescope requires that the dia- 

meter of the main reflector be large enough to enable obser-, 
vations of radio sources with a minimum correlated flux of 

> 0.2 Jy, when observing with a partner of similar size 
and 'torr = 

> 1.0 Jy, when measuring together with a mobile antenna 
with a main reflector of e. g. D = 5 m (Orion). 'torr = 

detect with standard receiving equipment ( -  125 K at X-band) 
at least compact 50 radio sources visible at the Wettzell 
latitude. To fulfill such a requirement a minimum flux of 

> 0.1 Jy has to be detected in the X-band. On the other 'min 
hand the diameter of the main reflector has to be small 
enough to keep the mechanical and thermal error sources as 
low as possible . 

c) The total path covered by a wave front from a fictious plane 
at an arbitrary but constant distance from the telescope axis 
intersection point to an equally arbitrary but fixed mark on 
the feed horn will change due to distortion of the telescope 
structure under gravitational pull and wind load (see figure 
no. 1). 

temperature changes in the telescope structure.. 

surrounding bench marks could arise if the azimuth mount is 
too large and not precisely guided. 

-. 

b) The size of the main reflector has to be large gnough to 

d) Similar changes of the described path will occur with 

e) Motions of the axis intersection point with respect to 

In discussing c), d) and e) two philosophies may be followed: 
1. The errors will be modeled. 
2. The telescope's size will be kept small enough to keep these 

errors below the.tolerable limit, i. e. below 2-4 mm in geo- 
detic and geophysical applications. 

In order to arrive at a conclusion the following preparatory 
computations were carried out: 
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i= 1 
Figure l.--Ray path within the antenna Si .  
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for the antenna efficiency (Ruze 1966) 

and for the signal-to-noise ratio (Renzetti 1980a) 

equation 4 - defining the minimum flux Scorr of a radio-inter- 
ferometer - can be derived: 

L. a 

To carry out numerical computations the following assumptions 
are made: 

Index 1 refers to the antenna in Wettzell, index 2 to the 
assumed partner radiotelescope which is here selected on the 
basis of the characteristics for Onsala and Orion (Rewetti 
1980b). 
K = 1.38 [J/K] 
A = 0.8 

= variable Dl 

= 20.117 D2 

= 5.0 D2 

= parameter Tcoh 

Boltzmann-constant 
filter losses 
diameter of the main reflector at 
Wettzell 
diameter of the main reflector at 
Onsala 
diameter of the main reflector at 
Orion 
signal-to-noise ratio per channel 
effective bandwidth in operating mode 
"B" with k=8 channels of each 2 MHz 
bandwidth in the X-band. 
coherent integration period 
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TS 1 

'Is1 

'Is2 
'Is2 

TAl 

'IBl 

'IR1 

= TS2 = 75 [K] system temperature of the antennas 
[K] antenna temperature 

= 0.9823 efficiency of the surface of the main 

= 0.995 corresponding value assumed for "Onsala" 
= 0.839 corresponding value assumed for "Orion" 
- - 'Ig2 = 0.94 
- - nR2 = 0 . 6 0  

= TA2 

reflector of the "Wettzel1"-antenna 

aperture-blocking factor 
estimated efficiency for remaining 
losses. 

Figure 2 includes the diameter D .  of the main reflector at 
Wettzell which is necessary in older to meet requirement a). 
The abszissa represents the correlated flux of the observed 
radio source at 8.4 GHz. The coherent integration period Tcoh, 
which is primarily determined by the clock stability and 
the atmospheric conditions at a given ob'serving frequency, is 
a parameter of the two families of curves. Observations are 
possible in the field to the right of each curve. Depending on 
the length of ths coherent integration period VLBI-observations 
are feasible 
- from Scorr - - > 0.18 Jy with Tcoh - - > 1000 sec, respectively 

if one obs.erves with a radiotelescope of similar size (as e. g. 
Onsala) and 
- from scorr = > 0.8 

if one observes with a mobile radiotelescope (Orion). 

> 0.58 Jy with Tcoh - > 100 sec, 'torr = - 

Jy with Tcoh = ,  > 1000 sec, respectively 
> 2.5 Jy with Tcoh - - > 100 sec, 'torr = 

Whereas the system noise error decreases with increasing dia- 
meter of the reflector, the mech.anica1 and thermal deformations 
increase with growing antenna size. Therefore an optimization 
of the main reflector diameter is possible and necessary. 

The system noise error (6) can be derived from equations ( 4 )  
and (5): 
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where 
const ==: - O o 6  is the empirical constant re.ferring to the correla- 

c = 3 10 [m/sec] is the velocity of electromagnetic waves 
lation procedure, 2 R  

a 

is the center frequency of each. 2 MHz 
channel recorded by a Mk 111-terminal; 
index k represents the number of registrated 
channels. Operating mode "B" is assumed w i t h .  
k = 8 channels, being located at the extreme 
edges of the 420 MHz passband. 
is the center frequency of the 420 MHz- 
passband. 

The path length within the antenna can be calculated rather 
exactly using the theorey of finite elements. In order to opti- 
mize the diameter D of the main reflector equation 7, which 
represents the mechanical deformation of two antennae, has been 
used: 

The parameter i s  s e l e c t e d  to be 

-5 1 = 10 [;;;I for the absolute deviations in the ray path, 

= 3 lom6 [A] for  the RMS of the deviations in the ray path. km 
By a similar procedure the effect on the path length caused'by 
temperature differences of the antenna structure can be estimat- 
ed : 



making the following assumptions: 
kth '= '6 . 10 -5 the temperature coefficient, based on 

= 12 . [i] the termal coefficient of steel and 
lit = 50 [K] the assumed temperature difference. 
%t 

Equation (9) is obtained by adding equations (6) and (7) to (8) 
followed by differentiation with respect to the reflector dia- 
meter D1 of the Wettzell antenna 

with the constant components kk of equation (6) 

e e 

Equation (9) is shown in figure 2 as a group of dash-dotted 
curves representing the zone, where the errors in geodetic VLBI, 
being a function of the main reflector diameter D1, are mini- 
mized. In the field above these dash-dotted lines the increase 
of mechanical and thermal deformations predominates over the 
decrease of the system noise error and vice versa. It is felt 
that the finally selected diameter of 20 m is a good compromize 
between the four requirements a) to e). For cm-VLBI the 20 m- 
dish structure will not require any modeling of mechanical 
errors, which means that number 2 of the philosophies mentioned 
earlier in this paragraph has been adopted. 

Based on these particular conclusions detailed specifications 
for the new radiotelescope including structural steel, reflec- 
tor panels, subreflector, reflector and subreflector heating 
device, bearings, drive units and servo control but without feed 
cone, receiver, Mk 111 terminal and HP 1000-F computer have been 
written and submitted to 10 manufacturers considered in Europe, 
USA and Japan. 8 quotations were submitted by the companies 
addressed. They have been evaluated very carefully for their 
technical as well as their commercial aspects. Finally a con- 
sortium of two German companies - MAN and Krupp - were awarded 
to get the main contract which was signed in August 1981. 
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3. THE SPECIFICATION OF THE SELECTED TELESCOPE 

The MAN/Krupp 20 m telescope selected for construction is de- 
signed as a coaxial Cassegrain "Turning-Head-Antenna". Azimuth-, 
elevation- and boresight axis intersect in one point located in 
the azimuth house and accessible without difficulty. Azimuth- 
and elevation-encoder are supplied with a boring thought to 
simplify the alignment and to support the control surveys. 
Attention should be called to the fact, that the azimuth- and 
the elevation bearings are situated as closely as possible to 
the intersection point of the axis. As a result, any deviation 
of this intersection point which is the reference point for geo- 
detic VLBI will be produced mainly by thermal effects and will 
be relatively small. This may be the significant advantage of a 
"Turning Head Antenna" as opposed to the "wheel and track an- 
tenna". 

The Wettzell radiotelescope as it is now under construction is 
characterized by the following technical details (s.ee figure 3 
and 4): 
Main reflector 
- unmodified mathematical rotational paraboloid - diameter: - focal length: fl - fl/D1 = 0.45 
Subref lector 
- unmodified mathematical rotational hyperboloid 
- diameter d = 2 , 7  m 
Cassesrain focus 

= 20.0 m 
= 9.0 m Dl 

- seperation of vertex and main reflector: a ='2,55 m 
Eigenfrequencies 
- referred to the azimuth axis: 3.0 Hz - referred to the elevation axis: 3,5 Hz 
Tolerances 
- referred to the surface of the main reflector (design values) 

(compare figure 5 and 6) 
error of a single panel surface: 0.25 mm RYS 
mechanical deformathon between elevation 

deformation due to wind forces: 0.05 mm RMS 
0.10 mm RMS 

9 error due to adjustment of the main reflector: 0.15 mm RMS 
total error for the surface of the main 
reflector: 0.38 mm RMS - referred to the surface of the subreflector 

9 total' error (design value) : 0.08 mm RMS 

axis from 20° to 87 : 0.20 mm RMS 

deformation due to thermal changes of 2OK: 

achieved by mechanical machining of a cast aluminum 
re flector. 
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Pigure 3: Cross Section of the Radiotelescope for Wettzell. 
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Figure 4: Rear View of the Radiotelescope for Wettzell 
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- referred to deviations of the wavefront within the antenna 
due to gravitational fogces if the antenna is moved in eleva- 
tion between 20' and 8 7  : 
absolute differences between the longest and the shortest 

values) 
azimuth axis: 

ray path: 2mm - referred to the accuracy of axial alignment (guaranteed 

deviation from the vertical direction: 5 " 
deviation of the azimuth bearing in radial direction: 0,2 mm 

deviation from the horizontal direction: 1 0  
deviation of the elevation bearing in radial 
direction: 0,2 mm 

elevation axis: 

- referred to the accuracy of antenna pointing 
reproducible pointing error: 108  I' 

non-reproducible pointing error: 1 5  " 

Kinematic data for the radiot.elescope 
- referred to the azimuth axis 

0 tracking range: f 270 
tracking velocity: 
tracking acceleration: max 3 /sec2 
s l e w i n g  velocity: 3O/sec  

tracking range: 
tracking velocity: from 0.001 /sgc to 1 O/sec 
tracking acceleration: max 1 , s  /sec2 
slewing velocity: 

from 0 . 0 0 1  OLsec to 1 O/sec 

- referred to the elevation axis 
from doo to 87O 

max 1 , 5  O/sec 

Following the award of the contract to MAN/Krupp in August 1981 
preparations for construction commenced, which included selec- 
tion of the optimal: positkon.ofthe radiotelescope (by investi- 
gating the subsoil at the site etc.). As soon as the propertles 
of the selected site which is situated about 40 m to the west of 
the laser ranging system;were communicated to the IfAG and all 
the licenses were awarded for available the construction, the 
central building of the telescope was commenced. The building 
was completed in mid November 1981. About 300 cubic meters of 
concrete and 30 tons of reinforcing steel have been mounted to 
form an octogonal tower of approximately 8 m in height. 

After the contract was signed MAN/Krupp immediately started to 
perform the final design, so that already a few weeks later it 
was possible to complete the final design review. During the 
same period the subcontractors to deliver the bearings;the 
gearings, the electric motors, the brakes, the encoders etc. 
were selected and confirmed. The subcontractor which has to 
supply the panels for the main reflector and the heating device 
for the panels - ZARGES - had already been determined before 
the contract was signed. 
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The final drawings then were completed during the last days of 
November and in December MAN/Krupp began to manufacture the 
supporting ring to be mounted to the top of the concrete tower. 
During the first months of 1982 the subcontractors have supplied 
the bearings, the gearings, the electric motors and finally the 
panels after these part had passed the corresponding acceptance 
tests. MAN/Krupp intend to prefabricate certain lots of the 
equipment at their plants as complete as possible. The size of, 
these lots is restricted only .by transportation problems. There- 
fore only the main reflector has to be mounted at the site in 
Wettzell. The contractors intend to start with the final in- 
stallation during June 1982 by assembling the main reflector at 
the ground near the concrete tower. As soon as this task is com- 
pleted two cranes will be installed in order to raise the pre- 
fabricated lots to their definitive level for final assembling, 
i. e. 
- the supporting ring including the azirnuth.bearings and drivesl - the azimuth housing including the elevation bearings and 
- the elevation housing, prepared for assembling the main 
- two elevation arms with parts of the counter weight. 

drives, 

reflector and the 

Because of the high rate of prefabrication already done at the 
contractors plants we expect to complete th.e raw installation at 
Wettzell about in October, starting final adjusting and align- 
ment already before the winter period will commence. 

4. THE ELECTRONIC SUBSYSTEMS' 

In order to define the feed system currently several concepts 
are considered as dual S/X-band concentric horns, S/X-band 
hybrid horns and a very ambitious three-frequency design to 
cover also the European 5 GHz-band without being forced to ex- 
change the horn. This would highly facilitate the operation of 
the on-axis Cassegrain configurated telescope. 

The receiver front end probably will be a log-noise two stage 
GaAsFET amplifier installed in a Dewar! at 20 K which then is 
followed by another low-noise tr& stage GaAsFET amplifier at a 
physical temperature of about 70 K. The mixer and the broadband 
IF-amplifier will be operated at stabilized room temperature. 
The local oscillators for the two. respectively three frequencies 
will be operated under phase coherent control of the Hydrogen 
Maser. 

A Mk I11 data acquisition system has been ordered from the 
Phoenix Corporation Mc Lean/Virg. (USA) to be delivered late 
1982. In order to make use of the software already developed in 
the US a Hp 1000-F computer system will be ordered to be in- 
stalled early in 1983. 
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The time service of the Satellite Observation Station Wettzell 
comprehends three cesium standards (Oszilloquartz) , 3 rubidium 
standards (Rhode and Schwarz) together with the corresponding 
time generators, counters, phase micro steppers and oszillo- 
scopes (Schluter et al., 1982). A computerized time comparing 
device is interogating all the station clocks every three hours. 
Time comparisons are performed by flying clocks travelling to 
the PTB (Braunschweig), BIH and USNO. A time transfer experiment 
between the PTB and Wettzell via METEOSAT is under preparation: 
a time comparison is expected every 3 hours with.a resolution of 
about 30 nanoseconds (Schluter et al., 1979). A Hydrogen Maser 
which is just now passing a test phase at the contractor's plant 
has been ordered from Oszilloquartz to be delivered mid 1982. 

A noise adding radiometer and a S/X-band phase delay Calibration 
system will be installed in 19.83. It has still to be investigated 
which type of water vapour radiometer will be procured in the 
course of the following years. 
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ABSTRACT 

The prospect f o r  the detect ion o f  a cosmic background o f  
g rav i ta t i ona l  wave rad ia t ion  i s  discussed. Experiments 
u t i 1  i z i n g  precise Doppler t rack ing o f  in terp lanetary  
spacecraft f o r  the purpose o f  detect ing t h i s  background 
are reviewed. Results o f  a recent experiment are presented 
which used f a c i l i t i e s  o f  NASA's Deep Space Tracking Network 
and Owens Valley Radio Observatory t o  t rack the Voyager 
spacecraft i n  an u l t r a  precise manner using two independent 
hydrogen masers as frequency standards. The present 1 i m i  t i n g  
s e n s i t i v i t y  o f  these experiments are believed' t o  be tropo- 
spheric and plasma var ia t ions a f fec t i ng  the X band micro- 
wave signals a t  periods o f  between lo3 - l o 4  seconds dur- 
at ion.  

INTRODUCTION 

Since the development o f  the general theory o f  r e l a t i v i t y  
more than 50 years ago, there has been predicted the  e x i s t -  
ence o f  g rav i ta t iona l  waves. I n  the 1960's work was begun 
i n  an attempt t o  detect  these waves using laboratory equip- 
ment. The names foremost among those e a r l y  pioneers were 
those o f  Joseph Weber o f  the US and Vladimir Braginsky o f  
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the USSR. A review of these experiments and their results 
i s  given i n  Davies (1980). 

During the 1970's theoretical estimates o f  the energies and 
frequencies of various astrophysical sources for these waves 
have been calculated. Much of this work has been carried out  
a t  the California Institute of Technology i n  Pasadena, Ca. 
These calculations described the spatial strain amp1 i tudes 
which might  be expected near the earth, Ah/h = JI, pro- 
duced by gravitational waves from known sources which  would 
produce gravitational wave energy in various spectral bands. 
A summary o f  these results is  depicted in Fig. 1 ,  adapted from 

Thorne ( 1976) . 

A 

LOGv, Hz 
MF LF VLF 

LOG T, seconds 

A 

Figure 1.--Spat ia l  strain amplitudes near the earth Log (J, = Ah/h)  
vrs Log T for gravi ta t ional  wave sources estimated . i n  Thorne (1976). 
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The most no t i cab le  r e s u l t  i s  t h a t  the spectral  region r e f e r r e d  
t o  as VLF (very low frequency) , ranging from periods o f  1 t o  
l o 4  seconds, may contain the l a r g e s t  g r a v i t a t i o n a l  wave s t r a i n  

amplitudes. Indeed, o f  a l l  known sources, i t  i s  l i k e l y  t h a t  

the l a r g e s t  s p a t i a l  s t ra in  amplitudes i n  the v i c i n i t y  o f  the 
ea r th  a re  caused by a cosmic i s o t r o p i c  background o f  low f r e -  
quency. A number o f  recent t heo re t i ca l  studies have attempted 
t o  describe i n  some d e t a i l  the various mechanisms i n  the e a r l y  
universe which would produce t h i s  i s o t r o p i c  g r a v i t a t i o n a l  wave 
background (Carr, 1979; Machhoon and Grishchuk, 1980; B e r t o t t i  
and Carr, 1981). Several ca l cu la t i ons  have ind i ca ted  t h a t  the 
prospects are good f o r  the detect ion o f  a cosmic background o f  
g r a v i t a t i o n a l  r a d i a t i o n  i n  the foreseeable fu ture.  

DETECTION USING SPACECRAFT TRACKING TECHNIQUES 

The method o f  accurately tracking interplanetary spacecraft 

f o r  the purpose o f  detect ion o f  VLF g r a v i t a t i o n a l  waves began 
i n  the e a r l y  1970's (Anderson, 1971). With the i n t r o d u c t i o n  
o f  hydrogen maser frequency standards, a search f o r  the i so -  
t r o p i c  cosmic background o f  g r a v i t a t i o n a l  waves became astro- 
p h y s i c a l l y  i n t e r e s t i n g  (Anderson, 1977; Estabrook and Wahlquist, 
1975; Anderson, 1978; He1 1 i ngs , 1978; He1 1 i ngs , 1981 ) . 
Doppler t rack ing  o f  i n te rp lane ta ry  spacecraft has been a main 
t o o l  i n  space nav igat ion and geodesy. The techniques used f o r  
g r a v i t a t i o n a l  wave detect ion are refinements and modi f icat ions 
o f  t h i s  now c l a s s i c a l  technique used i n  i n te rp lane ta ry  space- 
c r a f t  t racking. This data has been used f o r  spacecraft nav igat ion 
and con t ro l  , planetary g r a v i t y  f i e l d  analysis,  various r e f r a c t i o n  
measurements, space plasma measurements and w i t h  other  s c i e n t i f i c  
experiments onboard spacecraft.  

The wavelength o f  a g r a v i t a t i o n a l  wave i s  equal t o  the period, t, 
times the v e l o c i t y  o f  l i g h t ,  c. The g r a v i t a t i o n a l  wave background 
produces a special  spect ra l  signature, o r  autocorre la t ion s ignature,  
i n  the precise'Doppler o f  the two-way s ignal ,  the technique nrost 
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o f ten  used i n  spacecraft t racking. As the wavelengths f o r  periods 
> l o 3  seconds amount t o  > 3 x 10” meters, outerplanet spacecraft 
missions are best su i ted  fo r  these types o f  invest igat ions.  
Another s i g n i f i c a n t  f a c t o r  which minimizes the s e n s i t i v i t y  o f  the 
experiment i s  in terp lanetary  plasma, and t h i s  a lso speaks favor-  
ably f o r  an outerplanet mission where the plasma content i s  
genera l ly  less than i n  the near ear th  environment. 

CYCLE 
COUNTER 

A DESCRIPTION OF THE NOISE SOURCES 

PHASE 
LOCK 
LOOP / AMPLIFIER - 

. 

There are a number o f  s i g n i f i c a n t  noise sources which must be 
d e a l t  w i t h  i n  order t o  maximize the s e n s i t i v i t y  o f  the experiment 

for  g r a v i t a t i o n a l  wave detection. Fig. 2 shows a schematic o f  
the t rack ing  system i n d i c a t i n g  the several media through which 

- 

TRANSMITTER 

1 - H MASER 

Figure 2. --Schematic o f  the Doppler spacecraft t rack ing  system used 
f o r  the g rav i ta t i ona l  wave cosmic background detect ion experiment. 
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the microwave signal must pass, all potential sources o f  
noise t o  the experiment. The components are: 1) t ransmi t t i ng  
antenna system, 2 )  u p l i n k  troposphere (wet and dry),  3) u p l i n k  
i n te rp lane ta ry  plasma, 4) spacecraft antenna and transponder, 
5) downlink plasma, 6 )  downlink troposphere (wet and dry),  
7) receiv ing antenna, 8) hydrogen masers, 9) phase lock loop 
c i r c u i t ,  and 10) cyc le  counters. 

The f i r s t  source o f  noise i s  t ransmi t t i ng  antenna accelerat ions. 

These can be monitored by accelerometers (recording gravimeters) a 

A t  the present t ime t h i s  has no t  been the l i m i t i n g  fac to r  f o r  
the experiment. The second factor ,  wet troposphere path length 
var ia t ions,  have been observed t o  be s i g n i f i c a n t l y  l a rge  enough 
t o  necessi tate independent monitor ing under bad tropospheric 
condit ions. However, under favorable low wet troposphere v a r i -  
a b i l i t y  condit ions, measurements i nd i ca te  t h i s  no t  t o  be the 
present 1 i m i  t i n g  noise source (Anderson, 1979). 

In terp lanetary  plasma va r ia t i ons  can be monitored using dual 
S/X band t rack ing  schemes. Unfortunately a f u l l  two-way S/X 
band system i s  n o t  i n  use w i t h  present spacecraft, l ack ing  
X band up l i nk  c a p a b i l i t y .  Future plans should e l iminate t h i s  
noise source, however a t  present t h i s  appears t o  be the l i m i t i n g  
f a c t o r  f o r  the experiment. It has been found, however, t h a t  
t rack ing  spacecraft j u s t  a f t e r  s o l a r  opposit ion, i .e .  the space- 
c r a f t  l i e  180' i n  the sky from the sun, reduces t h i s  noise 
source t o  near unmeasurable quanti  t i e s .  Estimates i n d i c a t e  t h a t  
using two-way X band t rack ing  o f  spacecraft i n  the region o f  
the outer  planets a t  s o l a r  opposi t ion would reduce plasma noise 
e f f e c t s  t o  w e l l  below 1 p a r t  i n  

The l i m i t i n g  factor then becomes the frequency standards. 
Recent experiments by Matt ison and Vessot (1982) a t  the 
Smi thsonian Astrophysical Observatory have shown s tab i  1 i t i e s  
o f  a few pa r t s  i n  1 0 l 6  f o r  periods o f  3 x l o 3  seconds should 
be obtainable w i t h  improved hydrogen maser systems. 
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A DESCRIPTION OF THE SIGNAL 

The data produced by the experiment i s  a time ser ies of 
frequency measurements. This s e t  o f  frequency s h i f t  measure- 
ments, and i t s  der ivat ive,  represents changes i n  the path 
length between the DSN t ransmi t t i ng  antenna, the spacecraft 
antenna, and a receiv ing antenna when a separate receiv ing 
system i s  used. 

The g r a v i t a t i o n a l  wave cosmic background produces a spec i f i c  
s ignature i n  the f o u r i e r  transform o r  cross c o r r e l a t i o n  of 

t h i s  t ime ser ies (Anderson, 1977). A number o f  noise sources 
have d i f f e r e n t  signatures and can thereby be separated from 
the g r a v i t a t i o n a l  wave response. Some noise sources, such as 
corre la ted white frequency clock noise, corre la ted troposphere 
and co r re la ted  ionosphere, have a s ignature t h a t  i n t e r f e r s  
w i t h  the g r a v i t a t i o n a l  wave cosmic background signature. Fig. 3 
shows 5 noise signatures and the g r a v i t a t i o n a l  wave response 
i n  the autocovariance series. The peaks i n  the ser ies are a t  
the round t r i p  l i g h t  t ime o f  the microwave signal  which has 

been transponded from the spacecraft. 

A. WHITE FREOUENCY D. TROPOSPHERE 
CLOCK NOISE ti 

B. WHITE PHASE 
CLOCK NOISE 

c. WHITE PHASE 
SYSTEM NOISE F. GRAVITY WAVES 

Figure 3.--Autocovariance funct ions f o r  f i v e  known noise sources 
i n  a two-way t rack ing  system ( t ransmi t t i ng  and receiv ing system 
the same) and the g r a v i t a t i o n a l  wave cosmic background response. 
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By using a separate receiv ing system w i t h  separate frequency 
standard and having an uncorrelated troposphere and ionosphere, 

i .e. s u f f i c i e n t l y  large separation between the transmitt ing 
and receiv ing s tat ions,  one i s  able t o  el iminate these corre la ted 
noise signatures and i s  l e f t  w i th  the grav i ta t iona l  wave cosmic 
background signature (Anderson, 1977). I t  i s  t h i s  experiment t h a t  
has been recent ly  car r ied  ou t  using the Voyager spacecraft, a 
DSN Go1 dstone antenna , and the Owens Val 1 ey Radio Observatory 
f a c i l i t y  (Hel l ings e t  a1 , 1981). 

THE EXPERIMENTAL RESULTS 

From March 6 t o  March 12, 1980, s i x  days o f  tracking data were 
transponded from Voyager I whi le  the spacecraft was near so la r  
opposit ion. The S band up l ink  was generated using a hydrogen 
maser frequency standard a t  DSS-14, the 64 meter antenna a t  

Goldstone, Cal i forn ia .  Two-way S l X  band data were then received 
and recorded a t  DSS-14. Simultaneously, the 40 meter Owens Valley 
Radio Observatory (OVRO) antenna was used t o  receive the t rans- 
ponded X band signal  from Voyager I. The data a t  OVRO used par ts  
o f  the MK I11 VLBI receiver system and a d i g i t a l  tone ex t rac tor  
cons is t ing o f  a frequency synthesizer locked t o  the OVRO hydrogen 
maser and phase measurement c i r c u i t r y  cont ro l led  by a FORTRAN 
program running on a HP-21 MX minicomputer. Frequency s h i f t  
values were w r i t t e n  on a f loppy d isk every 5 seconds. 

This experiment represented the f i r s t  t ime VLBI type spacecraft 
t rack ing  data was acquired a t  an independent rad io  astronomy 
observatory using the MK I11 system and d i g i t a l  tone ext ractor .  
The operation proceeded without problem. The experiment was a 
successful demonstration o f  t h i s  capab i l i t y  which can eas i l y  be 
used i n  the fu tu re  a t  several rad io observatories i n  the US and 
Europe. 
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Figure 4.--Spectral analysis o f  OVRO and DSS-14 t rack ing data f o r  
12 March 1980. 

The data obtained from both s ta t i ons  was spectral  analysed and 
autocorrelated using d i f f e ren t  f i l t e r  lengths i n  an attempt t o  
f i n d  the maximum s e n s i t i v i t y  t o  g r a v i t a t i o n a l  wave cosmic back- 
ground present ly  acheivable w i t h  these methods. 

Fig. 4 shows the amplitude spectra o f  the data taken on the 
l a s t  day o f  the experiment, which a lso had the lowest c o n t r i -  

but ion from plasma noise. A comparison between the Goldstone 
and OVRO spectra i nd i ca te  general ly a less noisy spectral  

content above 10m3Hz f o r  the OVRO data. The spectral  noise 
below t h i s  frequency was approximately equivalent w i t h  some 
deviat ion i n  the de ta i l ed  spectral  content. 

Fig. 5 i s  a composite o f  the autocovariance funct ion f o r  the 
best OVRO data se t  using 5 d i f f e r e n t  f i l t e r  lengths from 50 
t o  800 seconds. The autocovariance func t i on  a t  the round t r i p  
l i g h t  time, marked RTLT i n  the f igure,  i s  the s i g n i f i c a n t  
po r t i on  which determines the s e n s i t i v i t y  o f  the experiment t o  
a g r a v i t a t i o n a l  wave cosmic background, as shown i n  Fig.  3. 
On the basis o f  the s t a t i s t i c s  o f  the autocovariance resu l t s ,  
an upper bound on the l i m i t  o f  s p a t i a l  s t r a i n  produced by the 
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Figure 5.--Autocovariance o f  OVRO 
data using 5 f i l t e r  functions, 
A t  = 50-800 seconds, i n d i c a t i n g  
increased s e n s i t i v i t y  f o r  l a r g e r  
A t .  S t a t i s t i c s  f o r  RTLT, the 
roundtr ip 1 i g h t  t ime signature,  
i n d i c a t e  t h a t  maximum response 
o f  the data t o  a g r a v i t a t i o n a l  
wave cosmic background i s  a t  
A t  = 500 seconds, g iv ing  a 
s p a t i a l  s t r a i n  upper bound o f  
3 x 10-14. 
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presence o f  a g r a v i t a t i o n a l  wave cosm 

s e t  a t  3 x f o r  per iods near the  
here - 6 x l o 3  seconds. These r e s u l t s  
by He l l ings ,  e t  a1 (1981). 

c background cou ld  be 
r o u n d t r i p  l i g h t  t ime, 
have f i r s t  been repor ted  

CONCLUSIONS 

The successful a p p l i c a t i o n  o f  p resen t l y  a v a i l a b l e  VLBI i n s t r u -  

mentation t o  p r e c i s e l y  t r a c k  i n t e r p l a n e t a r y  spacecra f t  a t  an 
independent r a d i o  astronomy observatory has been demonstrated. 
I t  has been shown t h a t  independent r a d i o  astronomy observatory  
data i s  t h e  most des i rab le  from t h e  s tandpo in t  o f  g r a v i t a t i o n a l  
wave de tec t ion ,  as the  data prov ided i s  f r e e  from c o r r e l a t e d  
noise s ignatures which a re  c lose  t o  the  s ignature  o f  t h e  g rav i -  
t a t i o n a l  wave response. 

The present  de tec t i on  system i s  l i m i t e d  because o f  t h e  l a c k  o f  
a f u l l  X band deep space t r a c k i n g  system c a p a b i l i t y .  With t h i s  
improvement, the  l i m i t i n g  s e n s i t i v i t y  would then be t h e  frequency 

standards i n  use and under unfavorable atmospheric condi t ions 

poss ib l y  t h e  wet component o f  t he  troposphere. 

With these cond i t ions  met, the  measure o f  t h e  upper bound t o  a 
g r a v i t a t i o n a l  wave cosmic background would be w e l l  below the  
1 i m i  t p resen t l y  s e t  by as t rophys ica l  observations which a re  based 
upon assumptions o f  evo lu t i ona ry  cosmological models and would 
s i g n i f i c a n t l y  con t r i bu te  t o  g r a v i t a t i o n a l  wave research i n  the 

near fu tu re .  
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The U.S. National Crustal Motion Network 

W i l l i a m  E. Strange 
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ABSTRACT. As part of an interagency agreement, the National 
Geodetic Survey (NGS) , NOS/NOAA, is responsible far establishing 
a National Crustal Motion Network (NCMN) . The network w i l l  
consist  of 40 t o  50 s t a t i o n s  located throughout t h e  United‘ 
States, and w i l l  support future NGS requirements fo r  maintenance 
and extension of the National Networks of Geodetic Cont ro l .  
Measurements a t  the NCMN s t a t i o n s  w i l l  a lso support monitoring 
of crustal motion i n  the United States by the Crustal Dynamics 
Project of the National Aeronautics and Space Administration 
(NASA) and by NGS. Init ial  m r e m e n t s  a t  some of the s t a t i o n s  
of the NCMN were i n i t a t e d  i n  1981 by the NASA C r u s t a l  Dynamics 
Project. 

Transfer of Complete responsibli ty for monitoring the Natioml 
Crustal Motion Network from NASA to NGS is oocurring i n  phases. 
A t  p r e s e n t ,  N G S  I s  r e s p o n s i b l e  for t h e  Implementation of 
s t a t i o n s ,  i nc lud ing  s i t e  monumentation and ground survey 
measurements. NGS is currently t ra in ing  personnel to  operate 
mobile Very Long Baseline Interferometry (VLBI) equipment and 
use existing VLBI reduction software far. reducing and evaluating 
MARK I11 mobile VLBI  data gathered under the NASA Crustal 
Dynamics P ro jec t .  Current  p l ans  c a l l  f o r  N G S  t o  assume 
operational responsibi l i ty  for  one mobile V L B I  system and a 
f ixed V L B I  base s t a t i o n  i n  California i n  January 1984 and two 
addi t ional  mobile V L B I  systems i n  January 1985. NGS plans t o  
operate the three mobile V L B I  systems t o  meet N G S  g e o d e t i c  
control  network and crus’tal motion requirements  and, under 
NASA funding, t o  meet t h e  requirements of t he  N A S A  C r u s t a l  
Dynamics Project . 

INTRODUCTION 

The National Geodetic Survey ( N G S ) ,  a component of t he  National Ocean 
Survey of t h e  Nat iona l  Oceanic and Atmospheric Administration (NOAA), is 
responsible for the establishment and maintenance of t he  National Networka of 
Geodetic Control i n  the United States. The decade of the 1980’s w i l l  see a 
dramatic transformation i n  the  way i n  which NGS f u l f i l l s  t h i s  responsibility. 
This transformation w i l l  r e s u l t  from the  replacement of conventional ground 
based measurement systems (theodolites, geodimeters, etc.) with space measurement 
systems. The primary space measurement systems that w i l l  be used a re  Very 
Long Baseline Interferometry (VLBI) and geodetic receivers  which make use of 
the Global Positioning System (GPS) sa te l l i tes  being launched by t h e  U.S. 
Department of Defense. 
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The networks, es tabl ished us ing  V L B I  and GPS systems,  w i l l  have three 
basic components. F i r s t ,  there w i l l  be a network of three or fou r  fixed VLBI 
s t a t i o n s .  Second, there w i l l  be a network of 40 t o  50 s t a t i o n s ,  d i s t r i b u t e d  
throughout t he  United States, which w i l l  be positioned r e l a t i v e  t o  the fixed 
V L B I  s t a t i o n s  using mobile V L B I  equipment. These s t a t i o n s  w i l l  c o n s t i t u t e  
t he  National Crustal Motion Network (NCMN). F ina l ly ,  there w i l l  be t e n s  of 
thousands of s t a t i o n s  whose pos i t i ons  w i l l  have been established r e l a t i v e  t o  
t h e  s t a t i o n s  of the NCMN using geodet ic  GPS rece ivers .  

CONCEPT OF THE NATIONAL CRUSTAL MOTION NETWORK 

The National Crustal Motion Network ' is  expected t o  se rve  three important 
purposes. F i r s t ,  by using mobile V L B I  the  NCMN w i l l  e x t e n d  and mon i to r  a 
basic terrestrial coordinate system throughout the  United States, which h a s  
been referenced t o  the  inertial system defined by the f i x e d  VLBI  s t a t i o n s .  
The NCMN s t a t i o n s  w i l l  s e rve  as base s t a t i o n s  for mon i to r ing  t h e  r ema in ing  
s t a t i o n s  of t h e  National Networks of Geodetic Control us ing  GPS geodetic 
receivers i n  a d i f f e r e n t i a l  pos i t i on ing  mode. Second, these NCMN s t a t i o n s ,  
which w i l l  be moni tored  by mobile VLBI,  w i l l  s e r v e  as a check on and an 
intercomparison of the accuracy of the  GPS geodetic receiver results. Finally, 
the NCMN w i l l  accura te ly  monitor the  c r u s t a l  motions between p o i n t s  in t h e  
United States. For reason9 disusmd in the fallawing paragraphs, the monitor ing 
o f  the NCMN I s  expected t o  be carried out  with both mobile VU1 systems and 
GPS equipment. About 30 s t a t i o n s  w i l l  be monitoried wi th  mobile V L B I  systems 
and an a d d i t i o n a l  10 t o  20 s t a t i o n s  monitored us ing  GPS geodetic rece ivers .  

A p r e r e q u i s i t e  for any geodet ic  con t ro l  network is that i t  be referred 
t o  a well def ined  terrestrial re ference  system. The terrestr ia l  r e f e r e n c e  
system t o  which NCMN s t a t i o n  pos i t i ons  w i l l  be referred w i l l  be d e f i n e d  by 
making use of the pnlar motion by - ly s i s  of Badio ;Interferometric -eying 
(POLARIS) network. T h i s  network, cons i s t ing  of fixed VLBI s t a t i o n s  a t  F t .  
Davis, Texas, Westford, Massachusetts, and Richmond, F l o r i d a ,  is  desc r ibed  
elsewhere i n  t h i s  volume (Robertson and Carter, 1982). A n e w  ad jus tmen t  of 
conventional geodetic data w i l l  be completed wi th in  the  next few years. This 
con t ro l  network w i l l  be designated the  North American Datk of 1983 (NAD 1983). 
The N A D  1983 w i l l  a l so  d e r i v e  i ts  o r i e n t a t i o n  from the POLARIS s t a t i o n s .  
Thus, the  NCMN s t a t i o n s  w i l l  s e r v e  t o  m a i n t a i n  t h e  NAD 1983 terrestrial 
coordinate system throughout t he  National Networks of Geodetic Control. 

The POLARIS s t a t i o n s  w i l l  continuously monitor the o r i e n t a t i o n  o f  t h e  
Ear th  i n  inertial space. T h i s  w i l l  provide the  polar motion and earth rotation 
information required t o  separate motions of the  earth i n  i n e r t i a l  space from 
motions of the s t a t i o n s  when mobile V L B I  and GPS geodetic r e c e i v e r s  are used 
t o  monitor crustal motion. Because the POLARIS s t a t i o n s  are a l l  s i t u a t e d  on 
the Nurth American plate, the rotations of t h i s  plate w i l l  i n i t i a l l y  be absorbed 
i n  the s o l u t i o n s  for polar motion and earth ro t a t ion .  For this r e a s o n ,  t h e  
i n i t i a l  terrestrial coordinate  system w i l l  be a coordinate  system f ixed  wi th  
respect t o  the  North American plate. However, through observa t ions  between 
the  POLARIS s t a t i o n s  and f ixed  V L B I  antennas located on other cont inents ,  i t  
w i l l  be possible t o  es tab l i sh  the d i f f e r e n t i a l  movements of c o n t i n e n t s  and 
u l t imate ly  t o  ob ta in  a terrestrial coordinate  system tha t  is mure marly fixed 
wi th  respect t o  the  lower mantle. 
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Because the  NCMN stations w i l l  be referenced t o  the  POLARIS stations each 
t i m e  t h e y  are de te rmined ,  the d i f f e r e n t i a l  motion of the s t a t i o n s  can be 
determined r e l a t i v e  t o  the  POLARIS coordinate  system. Thus, t h e  NCMN w i l l  
provide a means of monitoring d i f f e r e n t i a l  c r u s t a l  motions th roughou t  t h e  
United States wi th  high accuracy. 

The reference system used for GPS geodet io  pos i t ion ing  is established by 
the o rb i t s  of' the  GPS satellites. Since the user  is i n t e r e s t e d  i n  acouraoies 
a t  the few cent imeter  l e v e l ,  it is important t ha t  the V L B I  s t a t i o n s  a c c o u n t  
for ohanges in t h e  GPS reference frame due t o  replacement of sa te l l i t es  or 
due to  changes i n  the parameters (e.g., g r a v i t y  f ie ld ,  polar motion) used when 
oomputing orbi ts .  

STATUS OF NATIONAL CRUSTAL MOTION NETWORK 

Mobile V L B I  equipment has been developed by the Jet Propulsion Labmatory 
(JPL) of the  California I n s t i t u t e  of Teohnology for the  NASA Crustal Dynamlos 
Program. There are two mobile V L B I  systems now operational: a g-meter a n t a m  
system, designated MV-1, and a 4-meter antenna system, designated MV-2. JPL 
is cur ren t ly  oons t ruc t ing  a second=generation mobile V L B I  system, designated 
as MV-3, which is scheduled for completion late this year ,  and is modi fy ing  
the,MV-1 and MV-2 systems t o  opera te  with dua l  frequenoy for higher accuraoy. 
Current p lans  call  for placing MV-1 more or less permanently a t  Vandenberg 
A i r  Force B a s e  i n  Ca l i fo rn ia  and using MV-2 and MV-3 as mobi l e  s y s t e m s  t o  
oar ry  out  measurements a t  a number of s t a t i o n s  i n  the western United States 
(primarily Ca l i fo rn ia )  i n  support  of the NASA Crustal Dynamics Program. 

The United States has an in t eg ra t ed  Federal  program for the use of space 
systems for geodynamics and geodesy (ICCG,  1982), which involves  NOAA, NASA, 
U.S. Geological Survey, National Science Foundation, and t h e  Department  of 
Defense (Defense Mapping Agency and U.S. Naval Observatory) .  T h i s  Federal 
program calls for  t r a n s f e r  of the  MV-1; MV-2, and MV-3 mobile V L B I  sys t ems ,  
as well as a f ixed  V L B I  antenna ( t h e  Mojave a n t e n n a  located a t  Go lds tone ,  
Ca l i fo rn ia )  from NASA to  the  NGS. Current p l a n s  c a l l  for  the  MV-3 mobile 
system and t h e  Mojave f ixed  antenna t o  be transferred i n  J a n u a r y  1984, and 
MV-1 and MV-2 t o  be t r ans fe r r ed  i n  January 1985. 

Once the mobile V L B I  systems are t r ans fe r r ed  t o  NGS, they w i l l  be aperated 
by NOAA t o  meet the requirements of a l l  Federal agencies.  I n  particular, NGS 
w i l l  c a r r y  out  observat ions requi red  by the N A S A  C r u s t a l  Dynamics Project 
through 1988, the du ra t ion  of the  project. The NASA Crus ta l  Dynamics Project 
is monitoring movement of s t a t i o n s  i n  the western United States and Alaska to  
support  earthquake and plate tectonic s t u d i e s  (F l inn ,  1981 ) . A s  a p a r t  of 
the NMCN, a number of these s t a t i o n s  w i l l  continue t o  be m o n i t o r i e d  by NGS 
after the NASA Crustal Dynamics Project. is  completed. I n  add i t ion ,  NOS w i l l  
e s t a b l i s h  add i t iona l  regional coverage throughout the United States. 

Because NGS w i l l  assume complete r e s p o n s i b i l i t y  for  NCMV o b s e r v a t i o n s  
beginning i n  1985 and w i l l  continue t o  make observa t ions  a t  these s t a t i o n s  
after completion of the NASA Crustal Dynamics Project i n  1988, NGS has already 
assumed r e s p o n s i b i l i t y  for implementing t h e  sites . Implemention i n c l u d e s  
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performing s i t e  reconnaissance, obtaining legal  permiss ion  for use of t h e  
s i t e ,  p l a c i n g  ground monumentation a t  t h e  sites, and carrying out ground 
surveys[ t o  interconnect the monuments. 

Currently the NCMN is expected t o  include 40 t o  50 s ta t ions .  The locat ions 
of 31 s t a t i o n s  i n  the contiguous 48 States that  NGS expects t o  monitor by 
means of mobile and fixed V L B I  equipment are shown i n  f igure  1. Shown here 
are six fixed s t a t i o n s  and 25 s t a t i o n s  tha t  . w i l l  be established using mobile 
VLBI equipment. P o s i t f o n s  of  t hese  31 s t a t i o n s ,  and a f ixed antenna a t  
Fa i rbanks ,  Alaska, are c u r r e n t l y  planned f o r  continued monitoring by NGS 
following completion of the NASA Crustal Dynamics Project. A l l  of the fixed 
s t a t i o n s  except Mojave and Richmond are currently opera t iona l .  Hojave and 
Richmond are expected t o  become operational i n  1983. Eight  of the 24 stations 
t h a t  w i l l  be monitored using mobile V L B I  w i l l  i n i t i a l l y  be positioned by NASA 
as a part of t h e i r  Crustal Dynamics Project during t h e  period 1982-1985. The 
remaining 16 s t a t i o n s  are planned f o r  i n i t i a l  posit ioning by NOS usingmoblle 
VLBI during the period 1984-1987. 

An additional 10 to 20 stations will be established in California,  Arizona, 
and Alaska as par t  of the NASA Crustal Dynamics Project u s ing  mobile VLBI. 
Positions of these s t a t ions  w i l l  be monitored us ing  Mobile VLBI systems until  
completion of the Crus t a l  Dynamics Project i n  1988. NOS expects t o  continue 
monitoring those s t a t i o n s  of t h i s  group which are f e l t  t o  provide v a l u a b l e  
crustal motion information based on the  results obtained during the lifetime 
of the N A S A  Crustal Dynamics Project. However, current plans b a l l  for NGS to 
monitor movement of these s ta t ions ,  a s  p a r t  of the NCMN, using d i f f e r e n t i a l  
GPS techniques, since these s t a t ions  w i l l  be used e n t i r e l y  for purposes  of 
crustal motion monitoring and not f o r  coordinate system maintenance. Also, 
i n  t h e  case of C a l i f o r n i a ,  t h e  s t a t i o n s  are c l o s e l y  spaced, making them 
especially amenable t o  posit ioning using GPS geodetic receivers.  

The National Crustal Motion Network w i l l  provide a continuing means of  
monitoring crustal motion and regional s t r a i n  i n  the United States wh i l e  a t  
t h e  same time maintaining the terrestrial ,coordinate system required by t h e  
National Networks of Geodetic Control. 

Robertson, D. S., and W. E. Carter, Operation of t h e  NGS POLARIS network 
( t h i s  volume). 

Flinn, E. A., Applications of space technology t o  geodynamics, Soienoe. 
Vole 213, pp 89-96, July 3,  1981. 

Interagency Coordinating Committee f o r  Geodynamics, Federal Implementation 
Plan for the Application of Space Technology t o  Crus ta l  Dynamics and 
Earthquake Research, 113 pp, Washington, D.C. , June, 1982. 
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FUTURE PLANS FOR FRENCH VLBI PROJECT : 
SCIENTIFIC PERSPECTIVES AND TECHNICAL CAPABILITIES 

. Fransois Biraud 
Observatoire de Paris-Meudon 

92190 Meudon, France 

Claude Boucher 
Patrick Hill 

Institut GBographique National 
2, Avenue Pasteur 94160 St-MandB, France 

Carlo Rosolen 
Observatoire de Paris-Meudon 

ABSTRACT. In 1981, the GRGS (Research Group in Spatial Geodesy), 
including CNES (National Space Center) , IGN (National Geograph- 
ical Institut), CERGA (Astronomy and Geodesy Research Center), and 
Observatory of Paris-hleudon, has worked'out a VLBI program. The, 

with EISCAT dishes in Kiruna (Sweden) and Sodankyla (Finland) at 
935 MHz. The available VLBI recording system will be 2 MK I1 
block, and a French H-Maser version should be operational at the 
end of 1983. 

Scientific goal would be, later than 1983, to tend towards a 
S/X band and a MK I11 system working either in Kiruna or at other 
sites equipped with a new dish and its use for astrometric and 
geodetic experiments. 

f i r s t  step in that project would be to operate at  the end of 1982 

Presented at IAG Symposium No. 5 . :  Geode'tic applications of Radio 
Interferometry, Tokyo, May 7-8, 1982 
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1) INTRODUCTION 

Since 1.9R1, the GRGS (Groripe de Recherches de G6odCsie Spatiale) has 
started a VLBI program. The principal scientific orientation is given 
towards global Ceodynamics and Astrometry. In fact, the GRCS is 
coordinating all thc French space geodetic programs since 1971, date of 
its creation. Member organizations are : 

- The Bureau des Longitudes (BdL) 
- The Centre National d'Ctudes Spatiales (CNES) 
- The Institut G6ographique National (IGN) - The Observatoire de Paris (including CERGA and BIH) 

The radioastronomy group of the Observatory of Yeudon has been involved 
since the beginning of the VLBI project in building the technical 
equipments. In the near future, this national program should be extended 
to the Observatory of Bordeaux (radioastronomy .group) and to Nanpy 
stat ion. 

The centirnetric VLBI project, in its early stage, will establish a 
close relationship with radioastronomers interested by nun-VLBI, 
particularly IRAM (Institut de Radio-Astronomie Millimhtrique). 

2)  'ME ERIC PROJECT 

In 1981, with technical collaboration of the radioastronomy group of 
Meudon Observatory, GRGS has started the ERIC project (EISCAT Radio - Interferometric campaign). The primary goal of this proTect is-to 
become familiar with the VLBI technique, and particularly to estimate 
the necessary resources. The next step is devoted to study data 
reduction methods and to investigate some preliminary plans concerning 
the choice of a new VLBI dedicated antenna. 

2.1)  Present technical developments 

The ERIC technical development consists in the manufacturing of two 

Video converters are those of the Mk 111 system, provided by Phoenix 

Nk I1 recording systems. They will be running by the end of 1982. 

Corporation. A formatter has been built from the JPL drawings and has 
been adapted to the new video recorder VFT 250 (RCA). 

Each terminal will work with two video converters and will therefore 
allow bandwidth synthesis observations (BWS). RWS is used to provide 
higher accurate results with VLBI observations. 

At the same time, a technical collaboration was defined with the 
Laboratoire de I'Horloge Atomique (LM) to realize a compact version of 
the H-maser running at the University of Orsay, since 1972. Basic 
specifications are given below : 
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size (m) : 0.5 x 0.8 x 1.2 

u (after one month) : 2.2 10-l~ ('I = io3 
weight (kg) : 250 

T 

2.2) EISCAT antennae 

The first step of French VLBI program, ERIC, is characterized in 
using two of the three EISCAT (European Incoherent SCATtering Scientific 
Association) dishes, primarily installed in Scandinavia for ionospheric 
studies. Antennae of interest (because working in reception mode) are 
32 metre paraboloids located at approximately 70" of latitude, in Kiruna 
(Sweden) and Sodankyl; (Finland). Mounting system is an alt/az one. 
A receiver working at 935 ?fHz is presently equipping this network. 

A detailed study has been started and is furthering actually t o  define 
technical improvements that we have to effect to observe at a frequency 
close to 10 GHz ( Q X band). Problems encountered are : 

- Determination of the accuracy of the actual surface 
- Possibility to improve the paraboloid shape - Tests on pointing and tracking systems - Definition and realization of new feeders and receivers 
- Control of local oscillators,stability 

We already have an idea of the efficiency of the Kiruna antenna. 
Technicians from Onsala Observatory have found a 12% efficiency at 
86 Hz (1981). This value is very low and could be explained by 
uncertainties on the effective temperature of the noise tube, source 
flux densities, angular size of the observed sources, and also on 
misalignment of the secondary mirror, and finally by the actual 
misalignment of panels of ttie paraboloid (as it was seen during our 
last technical mission). However, it seems possible .to improve the 
surface quality and line up the axis of the secondary mirror [l]. 

The present pointing and tracking systems are not sufficiently 
accurate to work at 10 GHz. TIM, manufacturer of these antennae, has 
been contacted to improve this accuracy eventually. 

We also plan to stridy ionospheric scintillation effects qusntitat- 
ively on VLRI experiments. At these latitudes, the scintillations may 
be strong and may disturb ttie phase stability of the recorded signal. 

2.3) ERIC experiments 
I 

ERIC project may be divided into three main phases : 

ERIC 0 is concerning electronic tests on the two Mk I1 recording 
systems. The Nanqay radiotelescope will be used at a 18 centimetre 
wavelength. The two independent tracks of this receiver will provide 
a zero baseline VLBI observation. Two rubidium clocks will be utilised. 

- 
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ERIC I will allow VLRI observations between the two E I S C A T  dishes at 
935 MHz. The goal of these experiments will be technical essentially, 
and should probe the complete efficiency of our equipment and our 
capabilities to run such experiments. 

ERIC 2 should be the actual improvement of one or two antennae to 
allow 10 GHz observations ( S / X  band). This stage of E R I C  should be 
considered only if a l l  t he  tests  defined above were positive and i f  
expected scientific results are sufficient w i t h  respect t o  our future 
program. 

- 

- 

3) FUTURE PLANS 

At the same time when we are preparing ERIC 2, we are also working 
on new investigations, which seem of a major interest for future 
planning. 

3.1) 30 metre antenna 

Such an antenna would be dedicated to VLRI. It would be an alLt/az 
mounting and would work between 1 and 22 CHe. Priority wouid be given 
to S/X band observations. 

This antenna, of a diameter close to 30 metres, would be located 
e i ther  in France or in an overseas country ( for example : Reunion, 
Guyane ... 1. This geographical location has not yet be defined. 

3.2) 15 metre transportable antenna 

Such a project is obviously of a great interest for geodetic studies. 
The main goal of this kind of equipment is to cover unsurveyed areas. 

French manufacturers have capabilities to build such e system with 
a diameter of approximately 15 metres. This antenna should be also 
equipped with feeders and receivers going from 1 GHz to 22 GHz (or at 
least S I X ) .  For this purpose, our laboratories are making a particular 
effort in order to increase the portability of the VLBI equipments, 
including H-masers. 

3.3) Scientific cooperation 

French community has expressed a strong support towards geodynamical 
and astrometric activities. Earth rotation study (polar motion, UT 11, 
geodesy (regional.and global tectonice), have already been put in high 
priority by GRGS with participation to MERIT and Crustal Dynamics 
Projects. 

Cooperation with networks dedicated to geodetic VLBI, such as 
POLARIS [2], is of prime interest to us. 
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Anyway, the French VLBI group has a will to cooperate with any other 
network, at S/X band or others. Other frequencies on our antenna would 
be utilized to study source structures and their evolution in time. 
These information are necessary to define and maintain a catalogue of 
radiosources. 

4 1 CONCLlJSION 

The group intends to assert itself towards Geodynamics and Astrometry 
using S/X bands, but also displays a great effort for the millimetric 
VLBI, involvine high frequency observations (226 Hz). 

By approximately 2 9 8 6 ,  with the 30 metre radiotelescope in Spain and 
the interferometer of Plateau de Rures, near Grenoble, IRAM, with 
milliinetre observations, will bring a large complementarity to the 
centimetric VLRI group. 

References 
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ABSTRACT. The VLBI systems have been developed i n  RadioResearch 
Laboratories (RRL) s ince  1974. The domestic experiments were 
made i n  1977 and 1979 by using t h e  f i r s t  one (K-1)and t h e  second 
one (K-2), respec t ive ly .  The t h i r d  system (K-3) has been devel- 
oped s ince  1979 according t o  the  five-year plan, which i s  com- 
p a t i b l e  wi th  Mark-I11 system i n  the  U.S.A. The j o i n t  experiments 
between NASA and RRL w i l l  s tart  a t  the  beginning of 1984 and be 
continued a t  least f o r  f i v e  years.  I n  addi t ion ,  RRL w i l l  make 
t h e  domestic observations i n  cooperation with t h e  GeographScal 
Survey I n s t i t u t e  (GSI) a f t e r  1984. The da ta  ana lys i s  software i n  
K-3 system w i l l  be completedin1982 by RRL i n  cooperation with 
t h e  In t e rna t iona l  La t i tude  Observatory of Mizusawa (ILOM). 

1. INTRODUCTION 

Very Long Baseline Interferometer System makes use of many p rec i se  and 
modern techniques. Radio Research Laboratories (RRL) has  experiemces i n  some 
of such techniques i n  i t s  own research programs, such as those i n  the  f i e l d s  
of Frequency standard,  Space communications, Space and Atomospheric Sciences, 
Information processing and o thers .  Put t ing  these  experiences together,  high 
prec is ion  VLBI system (K-3) has been developed s ince  1979 under t h e  five-year 
plan. This paper b r i e f l y  summarizes the  pas t  and presentdevelopmentsof VLBI 
system i n  RRL, and some f u t u r e  observation plans both f o r  i n t e rcon t inen ta l and  
domestic base l ines .  

2. HISTORY OF THE DEVELOPMENT OF VLBI SYSTEMS AT RRL 

I n  1974, a r e s e a r c h  group of r ad io  astronomy i n  RRL s t a r t e d  workingonthe 
f i r s t  VLBI system (K-1) cons is t ing  of one-channel d i g i t a l  recording of 2 MHz 
bandwidth. After preparation f o r  about two years,  t h e  f i r s t  VLBI experiment 
w a s  conducted i n  Japan with a base l ine  of 121 km. 

From 1977, t h e  second system (K-2) w a s  developed f o r  t h e  purposeofmeas- 
uring of phase s c i n t i l l a t i o n  i n  the  received s i g n a l f r o m t h e  Experimental Com- 
munication S a t e l l i t e  (ECS) and from c e l e s t i a l  r ad io  sources. I n  t h i s  system, 
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t h e  d i g i t a l  da t a  sampled a t  t h e  sub-statdon (HiraisoBranchof RRL) was trans- 
mitted t o  t h e  main s t a t i o n  (Kashima Branch of RRL) v i a  a microwave l ink .  I n  
1979, t he  experiment using K-2 system proved i t s e l f  t o  be a success i n  estab- 
l i s h i n g  techniques of real-time da ta  processing and of five-.channel bandwidth 
synthes is .  

A s  t he  t h i r d  s tage ,  a five-year p lan  f o r  t h e  development of high prec is ion  
VLBI system f o r  geodesy (K-3) s t a r t e d  i n  1979 i n  r e l a t i o n  t o  the  Japanese 
na t iona l  p r o j e c t  of earthquake predic t ion  techniques. A t  thattime,VLBI j o i n t  
experiment was proposed by NASA as one of t h e  items of i temsof US-Japan tech- 
n i c a l  cooperation. After t h e  mutual agreement made between NASA and RRL i n  
1980, t he  o r i g i n a l  plan was revised t o  be compatible wi th  Mark I11 system. The 
development of K-3 system has been conducted according t o t h e  r ev i sedp lan ,  and 
the  back-end p a r t  of t h e  system and t h e  most p a r t  of sof twarewi l lbecomple ted  
i n  1982. The f i r s t  experiment between t h e  U.S.A. andJapan is scheduled t o  be 
made ea r ly  i n  1984. Table 1 lists the  h i s t o r y  of VLBI developments i n  RRL. 

Year Item 

1974 Sep. 
1977 Jan. 

Oct. 

1978 Dec. 

1979 Apr. 

Sep. 

1980 Feb. 

1981 Apr. 

1982 
1984 Jan. 

Start of the first VLBI system (K-1) development 
First VLBI experiment in Japan with a baseline of 121 km 
Start of the second VLBI system (K-2) development 
Beginning of consultation about U.S.-Japan joint 
experiment 
Start of five-year planjof high precision system 
development (K-3) 

K-2 system experiment in real-time data processing mode 
with a baseline of 47 km 

Formal agreement between U.S.A. and Japan on joint 
experiment in 1983 

Revised K-3 system development plan to be compatible with 
Mark- I I I 
Back-end.and software will be completed 
First U.S.-Japan joint experiment scheduled 

Table 1. History of VLBI development i n  RRL 

3. BRIEF DESCRIPTION OF K-1 AND K-2 SYSTEMS AND THEIR RESULTS 

3.1 K-1 System 

The K-1 system was designed r e f e r r i n g  t o  Mark I1 system i n  o r d e r t o e s t a -  
b l i s h  t h e  bas i c  VLBI  techniques i n  RRL. It consistedofone-channel IF  ampli- 
f ier  of 2 MHz bandwidth, 4 Mb/s sampler, digitaldiphase-modulationcoding,VTR 
recorder,  Cesium beam standard and c o r r e l a t i o n  processor. The f i r s t  VLBI ex- 
periment w a s  made i n  Japan i n  January 1977 by using K-1 systemwith a base l ine  
of about 121 km between RRL Kashima antenna (26m ind iame te r ) and  NTT Yokosuka 
antenna (12.8 m i n  diameter). The signals a t  4180 MHz from t h e  geos ta t ionary  
satell i te ATS-1 and those from 3C273B were observed. By reducing of ATS-1 
da ta ,  a r e so lu t ion  of 5 n s  i n  determining delay t i m e  withr.m.s. e r r o r o f  about 
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4 degrees f o r  relative phase was a t t a ined .  3C27B, 
t h e  c ross -cor re la t ion  peakwasdetec tedbyus ing  t h e  f r i n g e  r o t a t i o n  technique. 

For the  celestial  ob jec t ,  

I tems 

Purpose 

The main c h a r a c t e r i s t i c s  of K-1 systemaresummarized i n  Table 2 together 
with those of K-2 and K-3 systems. The d e t a i l s  of K-1 system and t h e  experi- 
mental r e s u l t s  were reported i n  t h e  re ferences  [VLBI s p e c i a l  issue,, R e v i e w  of 
RRL, 19781 and [Kawajiri e t  a l ,  19791. 

K- 1 K- 2 K- 3 

Basic techniques processing and system compatible 
of VLBl ' Bandwidth w i t h  Mark I11 

Real-time data Precis ion VLBl 

synthesis 

4180-4182 HHz Rece i v i ng 
frequency 

2200-2320 MHz 

8 1 80-8600 MHz 
4030-41 32 HHz I and 

I 

Channe 1 s 1 

Honeywell M-96 I (Rea 1 - t ime) I Toamco VR489 I (video) Recorder 

5 (a l t e rna t i ve )  28 (maximum) 

4 Mb/s 8, 4, 2, I ,  0.5 
and 0.25 Mb/s 

Atomic 
standard 

NEAC 3100 I 
~ ~~~~ ~ 

Computer 

Cs w i t h  high 
pe r forma nce 
tube and Rb 

Hydrogen Masers Cs c locks w i t h  
regu 1 a r tube 

NEAC 3200 I HP- 1000 : 
I O  L(System con t ro l )  
45 F(Data analys is)  I 
Water vapor radio- 
meter and system 
delay c a l i b r a t o r  I I -  I -  

~~ 

Ca l i b ra t i on  
dev i ce  

I I I .  

Prec i s ion 5 ns I 0.1 ns be t te r  than 0.1 ns 

Table 2. Main c h a r a c t e r i s t i c s  of K-1, K-2 and K-3 system 

3.2 K-2 system 

The second VLBI system, K-2, w a s  developed as a phase sc in t i l l a t i onmeas -  
ur ing  sys tem. in  Japanese Experimental Communications S a t e l l i t e  (ECS) Pro jec t .  
The t echn ica l  emphasis w a s  put mainly on a real-time d a t a  processing system 
and a bandwidth synthes is  method. The block diagram of K-2 system is. shown i n  
Fig. 1 and t h e  c h a r a c t e r i s t i c s  are l i s t e d  i n  Table 2. 

The bandwidth synthes is  is performed by f i v e  channels of 2 MHz bandwidth 
each, which are separated by 0,  10, 30, 60 and 100 MHz a t  4 GHz and can be 
switched sequen t i a l ly  every 10 ms. The d is tance  of t h e  base i ine  between t h e  
main s t a t i o n  a t  Kashima Branch of RRL and t h e  sub-station a tHi ra i soBranch  of 
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Kashima Branch 
L 2 - Hlraiso Branch 

Parametric Parame t r I c I amp1 i f  , l e r  W ~ G H Z ~ ~  amp l i f i e r  , 1 
IOm Antenna 2 h  Antenna PH-1 m u l t i p l i e r  Frequency m u l t i p l i e r  Frequency CHT 1st mixer 

I I L I 

2nd mixer 
Zero beat 

mixer 
C l  lpper 

(a i  ternative) 

Mul t i - loca l  
o s c i l l a t o r  

Rb Freq. 
standard 

.L 

-r) 2nd mixer 
Zero beat 

mixer 
C 1  ipper 

5 ch 
(a i  terna t 1 ve) 

Mu l t i - l oca l  
osci I I a to r  

t 
Cs Freq. 
s tandard 

I I 
Time code Time code 
genera t o r  genera t o r  

B l t  r a te  
conver t e r  

Real t lmc 
corre la  t o r  

Modulator ' Modulator 

Demodu 1 a to r  1 ink Demodulator 

Computer 

antenna contro l  

Data acquislt lon, 
Antenna control,  

Fig. 1. Block diagram of K-2 system 

RRL is  47 km. D i g i t a l  d a t a  sampled a t  the  sub-station were transmitted via a 
microwave l i n k  i n  order t o  make a real-time d a t a  p rocess inga t  themains ta t ion .  

Using t h i s  real-time VLBI system, th ree  kinds ofexperimentswere ca r r i ed  
out. The f i r s t  is  t h e  determination of t h e  d i f f e rence  i n  t i m e  of arrival 
(delay t i m e )  by receiving wide-band no i se  from the  geostationary satel l i teCS 
and QSO 3C273. I n  t h e  case of CS, t he  es t imat ion  e r r o r  of delay t i m e w a s  about 
0.1 n s  with t h e  in t eg ra t ion  t i m e  of 0.1 sec f o r  each channel, because of a 
strong f l u x  density.  In  t h e  case of QSO 3C273, t h e  es t imat ion  e r r o r  r e su l t ed  
i n  about 0.17 ns with the  in t eg ra t ion  t i m e  of 2 sec. High p rec i s ion  of K-2 
system w a s  proved by these  r e s u l t s ,  bu t  t h e  long-term observation w a s  l imi ted  
mainly due t o  t h e  frequency i n s t a b i l i t y  of the  atomic standards,  Cs beam and 
Rb clocks. 
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The second is the measurement of phase scintillations in a signal frorr. a 
satellite which occurs along the path through the atomosphere. As a result 
of the measurements on the signals from the satellites CS and Intelsat, it is 
shown that the Allan variance of the phase scintillations intheaveragingtime 
of 10 sec is about 16 deg. and it obeys the 1.4 - 1.8th power law of the av- 
eraging time. 

The last one concerned with the phase scintillation by the solar wind. 
The measurements were made on the radio waves from QSO 3C273at4GHz when its 
propagation path approached the sun.at a distance of 0.08 AU. The intense 
visibility fluctuations were detected for 10 days and the maximum fluctuation 
exceeded 10 % of the total flux. The fluctuation obeys approximately the 3rd 
power law of the distance between the path and the sun. Itwas also confirmed 
that the scintillations decreased when the averaging time exceeds 0.5  sec. 
From these results,  i t  i s  suggested that the e f fectsof  the phase sc int i l la -  
tions at 4 GHz produced by the so'lar wind may disappear f o r  the VLBI baseline 
distance of several tens km when the solar elongation angle exceeds 5 - 7  deg. 
The details of K-2 system and the results are reported in the references, 
[Kawano et al, 19801 and [Kawano et al, 19821. 

4. K-3 SYSTEM DEVELOPMENT 

As the third stage, a five-year plan for the development ofahigh preci- 
sion VLBI system (K-3) for geodesy started in 1979. After the conclusion of 
the agreement between NASA and RRL in 1980 as to JS-Japan joint VLBI experi- 
ment, the plan was revised thoroughly both in hardware and software in order 
to use K-3 system for intercontinental observation and to be compatible with 
the Mark I11 system. 

The K-3 system includes not only hardware but also software for deriving 
physical quantities such as baseline vectors, time synchronizationerror,polar 
motion, earth rotation and others from the measured delay time and fringe 
rates. On the design and construction of the K-3 system, the following items 
are considered. 

(1) 

(2) 

(3) 

(4) 

The precision of delay time measurement is lnsfor S-bandandO.l ns 
for X-band, 
Compatibility with the Mark I11 system in software as well 
as hardware, 
IEEE 488 buses are used to control and monitor each module 
of the system with a computer, 
The measurement of relative instrumental delay using calib- 
ration signals can be made in real time by the correlator. 

The block diagram of K-3 system is shown in Fig. 2 and its main charac- 
teristics are summarized in Table 2. The detail of K-3 hardware and that of 
K-3 software are reported in this issue, [Kawaguchi et al, 1982]and[Takahashi 
et al, 19821, respectively. 

As to hardware system, the manufacture of the back-end part including 
hydrogen maser, water vapor radiometer, system delay calibrator and correla- 
tfon processor wil.1, be completed. in 1982. The overall system check and 
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Fig. 2 Block diagram of K-3 system 

Decoder Delay cal ibrator '  
(antenna s i te )  5 MHz 

evaluation will be made in 1983 immediately after the installation of S and 
X-band front-end. The software includes Automatic operation, correlator con- 
trol, Bandwidth synthesis, Baseline analysis, Data-base management and Antenna 
tracking. The automatic operation software (KAOS) compatible with "Field sys- 
tem" of Mark I11 has been already developed and the others will be completed 
in 1983. 

\-/ 

5. FUTURE EXPERIMENT PLAN 

Ir I 
10 MHz Ref. 

According to the mutual agreement between NASA and RRL mentioned in Sec- 
tion 2, RRL will undertake VLBI joint observations by using the 26-meter an- 
tenna at Kashima Branch with one or more of the antennas0peratedbytheU.S.A. 
The objective is to demonstrate the capability and tocontribute to establish- 
ing a global network of VLBI observations for the study of plate motion,polar 
motion and earth rotation. 

w 
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The system level experiment,asthe first 0neofU.S.-Japan joint experi- 
ments will be made at the beginning of 1984 as previously scheduled. The 
mutual agreement to continue the observations at least for five years begin- 
ning in late 1984 has been made. The data processing and analysis for those 
observations will be made by NASA and RRL by using their own software, which 
may give very useful information to the MERIT and the DELP programs. In 
future, RRL intends to make international cooperations with as many stations 
as possible for various studies including time synchronization. 
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In parallel with the U.S.-Japan joint experiment, the domestic experi- 
ments are also being planned by RRL and theGeographicalsurveyInstitute(GS1). 
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The GSI started in 1981 to prepare a system with a transportable 5-meter 
antenna, the design of which is based on the techniques developed by RRI, for 
K-3 system. For the purpose of system checking by both parties, such as pre- 
cision, accuracy and reliability, the first experiment is expected to be made 
in 1984 on a baseline of about 52 km between the RRL Kashima 26-meter antenna 
and the GSI Tsukuba 5-meter antenna, [Kawaguchi, et al, 19821.The result will 
be compared with those measured by the traditional means. The follow-on ex- 
periments will be continued by transporting the GSI 5-meter antenna to some 
places within a country for the readjustment of Japanesegeodeticnetworkesta- 
blished by the GSI,  [Nishi, etal,1982], and for monitoring the localcrustual 
movements. These experiments will be performed as a part of the domestic 
program corresponding to DELP project. 

I 

Follow-on Experiments 

for 

Plate M t i o n ,  Polar Motion, 

Earth Rotation, 

Time Synchronization 

Along with the observation plan, RRL will continue the development ofthe 
system in improvement of precision, in establishment of atransportable system 
suited to the physical features of Japan, in realization of real-time VLBI 
network, and in applications to satellite tracking and others. The RRL will 
continued further cooperations with the Japanese organizations concerned,such 
as the International Latitude Observatory of Mizusawa (ILOM) in software de- 
velopment, the Tokyo Astronomical Observatory (TAO) in Joint observation and 
the Maritime Safety Agency (MSA) in coordination with laser ranging obser- 
vation. The future experiment plan is summarized in Table 3. 

I 

I 
I 1 

- 
1982 

- 

1983 

- 

1984 

1985 

1988 
to 

- 

Canpletion of Back-end and Software of K-3 System I 
I 

Completion of Front-end Data Acquisition and 
Control, Simulation 

Overall Test, Compatlbility Test with Hark 111 System 

U.S.-Japan Experiments Domestic Experiments 

System Level Experiment I System Level Experiment 
(RRL-GSI : 52 km) I I 

Follow-on Experiments 

Readjustment of Geodetic 
Network. Local Crustal 
Movement , Coord i na t ion 

with Laser Station 

Table 3. Experiment Plan 
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6. CONCLUDING REMARKS 

In this paper, the outline of the past and present VLBI system develop- 
ment and some future experiment plan is given. We are confident that our K-3 
system may contribute to the international and domestic studiesinmany fields. 
We would like to express our sincere thanks to many persons concerned in RRL 
and the organizations in the U.S.A. and Japan during the stage of K-3 system 
development, especially to the members of geodynamics project in NASA Head- 
quarter and GSFC for their close cooperation and assistance. 
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INVESTIGATION OF GEOPHYSICAL CONDITLONS AT KASHIMA VLBI STATION 

T.YOSHIN0 AND F.TAKAHASH1 
Kashima Branch, Radio Research Laboratories 
Ministry of Posts and Telecommunications 

Kashima-Machi, Ibaraki-Ken 314, Japan 

ABSTRACT 

New Measurement of i n t e rcon t inen ta l  base l ine  length between 
Kashima i n  Japan and US-operated observa tor ies  i n  North America, 
Alaska and Hawaii f o r  geodesy, w i l l  be performed with use of t h e  K-3 
(being developed i n  Japan, and compatible with Mark 111) and Mark I11 
(developed i n  U.S.A.), s t a r t i n g  la te  i n  1983. And t h i s  experiment 
w i l l  provide us t h e  information of p l a t e  motion between the  s t a t i o n s ,  
which is very use fu l  t o  Japan because i t  is  re l evan t  t o  t h e  study of 
generation mechanism of b ig  earthquakes. 

Before s t a r t i n g  t h i s  experiment, various geophysical 
environmental d a t a  around VLBI s t a t i o n s  should be inves t iga ted .  
F i r s t  of a l l ,  Japan is surrounded by th ree  p l a t e s ,  which are Eurasian 
P l a t e ,  P a c i f i c  P l a t e  and P h i l l i p i n e  Sea P la t e .  Boundary sur faces  of 
these plates manifest important geophysical characters. Therefore w e  
examined t h e  relative pos i t i on  of Kashima S ta t ion ,  Japan Trench and 
o ther  p l a t e  boundaries. 

Secondly, geologica l  f ea tu re s  a t  Kashima VLBI s t a t i o n  are 
examined by t h e  boring samples which were got ten  a t  the  t i m e  of 
antenna construction. 

Thirdly t h e  c h a r a c t e r i s t i c s  of t he  climate and ionosphere a t  
Kashima are c l a r i f i e d .  Other conditions,  such as r ad io  in t e r f e rence  
is a l s o  reported. 

INTRODUCTION 

S t a r t i n g  1 a t e . i n  1983, Kashima s t a t i o n  i n  Japan w i l l  t ake  p a r t  
i n  t h e  g loba l  VLBI network. And the  experiments w i l l  be performed t o  
g e t  t h e  p rec i se  base l ine  length,  clock e r r o r  parameters, e a r t h  
r o t a t i o n  parameters etc. Generally, V L B I  da t a  includes many 
cont r ibu t ions  caused by geophysical and electrical  f a c t o r s ,  such as 
clock e r r o r ,  excess path i n  propagation, polar motion, c r u s t a l  motion 
etc. Among these  f a c t o r s ,  some of them can be predicted c o r r e c t l y p  
but  some can not ,  I n  p a r t i c u l a r ,  if w e  do not know t h e  l o c a l  
surrounding conditions i n  VLBI s t a t i o n s ,  w e  may be lead t o  inco r rec t  
understanding of VLBI da t a ,  Therefore w e  inves t iga ted  t h e  
surrounding conditions which may cause much cont r ibu t ions .  

A s  Japan loca te s  on the  circum-Pacific seismic b e l t ,  t he  
r e l a t i v e  pos i t i on  between Kashima s t a t i o n  and p l a t e  boundaries, where 
earthquakes o r ig ina t e ,  were examined, and a l s o  inves t iga ted  the  
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geologica l  condition a t  Kashima s t a t i o n .  And w e  a l s o  examined t h e  
climate and ionosphere. And as Kashima loca te s  near Tokyo which is  a 
g r e a t  source of r ad ia t ion ,  t h e  r ad io  in t e r f e rences  i n  S and X band 
were inves t iga ted .  We hope the  inves t iga t ions  of each V L B I  s t a t i o n s  
i n  t h e  world w i l l  be reported about those th ings  i n  t h i s  way. 

THE LOCATION OF KASHIMA VLBI S.TATI0N 

I n  t h e  beginning, F i g . l (  Head 1981; Ref(1) ) shows t h e  world wide 
p l a t e s  map. And t h i s  f i g u r e  a l s o  shows t h e  loca t ion  of VLBI s t a t i o n s  
and t h e  base l ine  including Kashima s t a t i o n  on i t s  end. There are very 
long base l ines  between Kashima and o ther  VLBI s t a t i o n s ;  Haystack Radio 
Observatory, Owens Valley Radio Observatory, and so on. And .Kashima 
VLBI  s t a t i o n  loca te s  on almost t h e  same l a t i t u d e  as those i n  USA. And 
w e  can r e a l i z e  t h a t  Kashima loca te s  on near t he  p l a t e  boundary, 'By  
looking t h i s  p i c t u r e ,  you can realize t h a t  t he  pos i t i on  of Kashima 
s t a t i o n  is very use fu l  t o  inves t iga t e  t h e  p l a t e  motion, I f  Kashima 
s t a t i o n  is re j ec t ed  i n  t h i s  f i g u r e ,  t h e  information taken by VLBI 
experiment w i l l  decrease considerably. 

The magnified map of Fig.1 is shown i n  Fig.2. This map shows 
Japan main i s lands .  And Kashima loca te s  a t  the center  of those 
i s lands .  Although t h i s  is a s m a l l  area, we can see three plates 
together i n  t h i s  map. P a c i f i c ,  P l a t e ,  P h i l l i p i n e  Sea P l a t e ,  and 
Eurasian P la t e .  Kashima s t a t i o n  looks t o  l i e  on t h e  Eurasian P l a t e ,  
but w e  can not e n t i r e l y  say t h a t  
Japan i s l ands  and Eurasian Plate are connected completely. By using 
more V L B I  s t a t i o n s  i n  Asia, i t  w i l l  be determined i n  t h e  fu ture .  And 
Kashima is  only 150'km apa r t  from Japan Trench. Japan Trench means 
t h e  subduction of P a c i f i c  Plate. And i t  is believed t h a t  t h i s  motion 
t r i g g e r s  t h e  b ig  earthquakes. 

To see the  land and t h e  sea together,  bathymetric chart is used 
i n  Fig.3. Kashima is  about 90 km east f r o b  Tokyo. And one more 
c h a r a c t e r i s t i c  thing is t h a t  Kashima s t a t i o n  is very near t he  
seashore, only 1.5 km apar t .  A s  t h e  ocean loading e f f e c t s  are 
expected i n  Kashima, w e  intend t o  use the  t i d e  d a t a  'of t h e  t i d e  
s t a t i o n  a t  t h e  por t  of Kashima t o  co r rec t  t he  VLBI data. The expected 
value of ocean loading e f f e c t  is a f e w  centi-meters. Ins tead  of 
t h e o r e t i c a l  estimation of t i d e  da t a ,  w e  w i l l  use t h i s  real d a t a  i n  
Kashima s t a t i o n .  Because the  development of i n d u s t r i a l  area near our 
labora tory  has been going on, and t h e  shape of t h e  sea-bottom changes 
slowly, some se r ious  e r r o r  between t h e o r e t i c a l  t i d e  d a t a  and real d a t a  
w i l l  always e x i s t .  

THE FOUNDATION OF KASHIMA VLBI STATION 

I n  the  geodesy i n  t h e  near f u t u r e ,  t he  pos i t i on  of VLBI s t a t i o n  
w i l l  become a important reference point.  This means t h a t  t h e  antenna 
re ference  poin t  should co r rec t ly  reflect the  c r u s t a l  motion of t h a t  
area. It is  a problem of coupling between the  foundation of antenna 
and t h e  l i thosphere.  The l i thosphere  has about 100 km thickness i n  
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case of land, and i t  is  almost composed of rock. ,Then i t  is  important 
t o  inves t iga t e  the connection with the foundation of antenna and the 
rock or t h e  hard stratum. 

Fig.4 shows a 26m antenna s t r u c t u r e  i n  Kashima. I n  t h e  case of 
26m antenna, about 5m of t h e  por t ion  of foundation is  put i n t o  t h e  
ground . And t h i r t y  PC-piles are driven in. The p i l e s  are 26m long. 
So t h e  p i l e s  reaches t o  30m depth. A s  t h e  top of 26m antenna i n  t h i s  
f i g u r e  is 31m high from t h e  ground, t h e  he ight  of t h e  antenna is  
almost t h e  same as t h e  depth of p i l e s .  The bottom view of the  antenna 
is  shown i n  lower s ide .  
t he  ground is about 1221 ton, and t h e  one under the  ground is about 
1278 ton. 

And t h e  weight of 26m antenna over 

The soil p r o f i l e  under the  26m antenna( Fig.5 ) is shown i n  
Fig.5, and it w a s  surveyed by boring before antenna construction. 
This map shows t h e  h i s t o r y  of crust. Because t h e  seashore is near 
here,  t h e  sur face  is covered with sand. But sandy and very loose 
stratum is not thick.  
then  w e  can see from t h e  top, sand s o i l ,  loam, s i l t  c lay  etc. They 
are mainly composed of sedimentary s o i l s .  Though t h e  ground sur face  
is .sandy, 26m antenna is b u i l t  on t h e  Diluvium which is  s a i d  
r e l a t i v e l y  r i g i d  f o r  s t ruc tu res .  And t h e  N-values, which mean t h e  
hardness of soils, immediately increases  a t  about 30m depth. That 
means hard stratum. A s  t h e  p i l e s  reach t o  30m depth, w e  can 
understand t h a t  t h e  p i l e s  reach t o  t h i s  hard stratum. And the  welght 
of antenna is dispersed t o  t h i s  stratum. 

Japan l ies on t h e  circum-Pacific seismic b e l t .  And about 1 O X  
earthquakes i n  t h e  world has been occurred near Japan. Fig.6(a) shows 
t h e  v e r t i c a l  c ross  sec t ion  of earthquake d i s t r i b u t i o n ,  and Fig.G(b) 
shows t h e  earthquakes map. We can understand from these  maps t h a t  t h e  
P a c i f i c  P l a t e  reaches t o  50-100 km under t h e  ground of Kashima. And 
as t h e  rocks i n  Japan has generally many clefts caused by the  pressure  
of p l a t e s ,  r e l a t i v e  movement i n s i d e  Japan had b e t t e r  be also monitored 
t o  confirm t h e  d a t a  of p l a t e  motion. We are now planning t o  measure 
t h e  base l ine  length between Kashima and GSI ( Geographical Survey 
I n s t i t u t e  ) i n  Tsukuba( see Fig.3 ) by Laser Ranging. It is  50km 
apar t .  And i t  w i l l  be a l s o  measured by the  VLBI method( antenna 
diameter; Kashima:26m, Tsukuba:5m ) And w e  th ink  t h a t  t he  f l n i t e  
element method is  use fu l  t o  analyze the  coupling of t he  s t r u c t u r e s  and 
t h e  base because we can simulate the  complicated response of base with 
use of real d a t a  by t h i s  method. 

OTHER CONDITIONS SURROUNDING KASHIMA 

VLBI observation a f f e c t s  many geophysical conditions. Next w e  
. consider about t h e  ionosphere. Fig.7 shows the  geomagnetic l a t i t u d e  

i n  t h e  northern hemisphere. Geomagnetic pole is s l i g h t l y  d i f f e r e n t  
from geographic pole. Though Kashima's geographic l a t i t u d e  is 35 
deg., t h e  geomagnetic l a t i t u d e  is 25 deg. Because the  geomagnetic 
storm occurs in '  high geomagnetic l a t i t u d e s ,  t h e  ionosphere over 

317 



Kashima s t a t i o n  i s  r e l a t i v e l y  expected calm. So w e  may say t h a t  i f  
t h e  e f f e c t  of t h e  ionospheric disturbances of delay and delay rate are 
detected,  i t  is mainly caused by another s t a t i o n .  When Kashima is  the  
one end of base l ine ,  w e  may be ab le  t o  separa te  t h i s  ionospheric 
disturbances.  This means t h a t  Kashima can act as a re ference  s t a t i o n  
of t h e  ionospheric e f f e c t .  

Then w e  show t h e  Kashima's climate. 
It is a mean value of 5 years. 

The climograph is  shown i n  
Fig.8(a). And i t  is  a t y p i c a l  p a t t e r n  
of t h e  east s i d e  of Japan. And Fig.8(b) is  the  r e l a t i v e  humidity 
v a r i a t i o n  i n  a year. 
And t h e  weather i s  r e l a t i v e l y  moderate here,  

Mean va lue  a t  each months exceeds 50%. 

I n  Fig.9 w e  show t h e  r ad io  in t e r f e rence  i n  Kashima. These graphs 
p l o t  the number of times rad io  in t e r f e rences  were de tec ted  i n  S and X 
band. This measurement was done by the small horn antenna. And we 
scanned i t  i n  a l l  azimuth d i r e c t i o n  a t  low e l eva t ion  angle i n  seve ra l  
hours. Radio in t e r f e rences  are seen more ' in S-band than i n  X-band. 
But w e  can probably avoid them i n  K-3 VLBI system by tuning the  
receiving frequency. As w e  must coincide the  receiving frequency a t  
a l l  t h e  VLBI s t a t i o n s ,  t he  state about t he  rad io  in t e r f e rences  should 
be informed t o  t h e  scheduler before experiments, 

Now, w e  show the  f ea tu res  of Kashima s t a t i o n ,  

1) Location Longitude 140'39' 45". 634 E 
Lat i tude  35'57'15". 132 N 
height 77.13 m 

2) Geomagnetic La t i tude  about 25' 
3) Climate Mean Temperature 15°C 

4) Crust Eurasian P la te  

5) 1.5 km apart from seashore 
150 km apa r t  from Japan Trench 

P r e c i p i t a t i o n  1248 mm/yr 

Diluvium Platform 

90 km apa r t  from Tokyo 

For co r rec t  understanding of the  high p rec i s ion  V L B I  data, w e  
th ink  a l l  t h e  VLBI  s t a t i o n s  had b e t t e r  r epor t  these  l o c a l  geophysical 
conditions. 
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Fig.1 World Plates Map ( some of baselines are drawn ) 

Fig. 2 Japan Islands and the Plate Boundary 
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Fig.3 Bathymetric Chart 



Fig.4 26m antenna structure in Kashima 
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Fig.7 Geomagnetic Latitude 
( geographic latitude of Kashima is about 36" , 
geomagnetic latitude of Kashima is about 25" ) 
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S-band 

Fig.9 Radio Interference 
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A BASELINE DETERMINATION BETWEEN KASHIMA 26 M AND TSUKUBA 
5 M ANTENNAS I N  JOINT VLBI EXPERIMENT PLAN OF RRL AND GSI 
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Yatabe, Tsukuba, Ibaraki  305 Japan 

ABSTRACT. J o i n t  VLBI experiments of RRL and GSI are planned 
on a base l ine  between Kashima and Tsukuba i n  1984. The 
base l ine  of about 54 km i n  length w i l l  be determined i n  t h e  
accuracy of 2 cm o r  b e t t e r ,  and compared with t h e  d a t a  
obtained sepera te ly  by laser ranging. A 26 meter antenna 
and a 5 meter antenna w i l l  be used i n  t h i s  experiment. 
A f t e r  t h e  establishment of the base l ine  between Tsukuba and 
Kashima, t h e  5 meter antenna w i l l  be transported t o  some 
p r i n c i p a l  po in t s  i n  Japanese i s l ands  and e f f i c i e n t l y  used 
f o r  monitoring of c r u s t a l  movement and adjustment of 
Japanese geodetic network. 

INTRODUCTION 

J o i n t  VLBI experiments of RRL (The Radio Research Laboratories) and 
GSI (Geographical Survey I n s t i t u t e )  are planned on a base l ine  length of 
about 54 Km between Kashima 26 m and Tsukuba 5 m antennas. This w i l l .  
become t h e  f i r s t  domestic VLBI experiment f o r  geodetic app l i ca t ion ,  and 
both i n s t i t u t e s  are preparing f o r  t h e i r  K-3 equivalent system, leading t o  
commencement of t h e  experiment in.1984. I n  t h i s  experiment, both 2 GHz and 
8 GHz bands w i l l  be used f o r  t h e  cor rec t ion  aga ins t  t he  ionospheric 
e f f e c t s .  Moreover, with use of water vapor radiometers a t  two frequency 
bands arranged a t  respec t ive  antenna sites, a high accuracy determination 
of t h ree  dimensional base l ine  vec tor  w i l l  become poss ib le ,  compensating f o r  
tropospheric e f f e c t .  Accuracy and r e p e a t a b i l i t y  of t he  VLBI r e s u l t s  w i l l  
be confirmed, by comparison with the  da t a  obtained sepera te ly  by GSI i n  
o ther  means (e.g. laser ranging). Af te r  t h e  experiments t he  5 m antenna 
w i l l  be transported t o  domestic p r inc ipa l  po in t s  f o r  monitoring c r u s t a l  
movements, and adjustment of t h e  Japanese geodetic network. 

A s  t h e  receiving system of 26 m antenna, including K-3 d a t a  acquisi-  
t i o n  terminal w i l l  be described i n  t h e  o ther  paper (Kawaguchi 1982), system 
design of 5 m antenna and the  e r r o r  estimation i n  j o i n t  VLBI experiment 
between RRL and GSI are mainly presented here. 
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BASELINE BETWEEN KASHIMA AND TSUKUBA 

A geographical pos i t ion  of a base l ine  between t h e  26 m antenna of RRL, 
Kashima and t h e  5 m antenna of GSI, Tsukuba is shown i n  the  Figure 1. This 
base l ine  is  i n  Kanto d i s t r i c t  near Tokyo and is almost a t  t h e  center  of 
Japanese main i s land .  Estimated values of t he  base l ine  components i n  a 
f ixed  coordinate 
system loca ted  on the  e a r t h  are shown i n  Figure 2. 

r o t a t i o n  axis of t he  ea r th ,  t h e  x-axis is on a equa to r i a l  plane and 
perpendicular t o  a l o c a l  meridian sur face  and y-axis completes t h e  r igh t -  
handed Cartesian coordinate system. I n  Figure 2, ais lateral o r i e n t a t i o n  
angle of t he  base l ine  from due east, 5 complementaly angle of l a t i t u d e ,  ho 
longitude of middle poin t  of t he  base l ine ,  and )oo l a t i t u d e  of t h e  middle 
point.  

The base l ine  has about 54 km i n  length and almost east-west d i r e c t i o n ,  
and these  values i n  Figure 2 w i l l  be re f ined  by conventional surveys before  
and a f t e r  V l B I  experiments going on f o r  one year i n  1984. The surveys w i l l  
be conducted by GSI and have the  accuracy of about 5 cm by using a Laser 
Ranging method. The VLBI experiments will be conducted by RRL in coopora- 
t i o n  with GSI, and t h e  accuracy and r e p e a t a b i l i t y  of t h e  VLBI experiments 
w i l l  be confirmed by comparison with the  convensional survey results. 

Af te r  a series of t he  VLBI  experiments, t he  5 m antenna w i l l  be trans- 
ported t o  some domestic p r i n c i p a l  po in ts  f o r  monitoring c r u s t a l  movement 
and adjustment of t h e  Japanese geodetic network. 
geodetic network'by VLBI i s  discussed i n  d e t a i J  bv Nishi (Nishi,et  al.  
1982) i n  t h i s  i s sue .  

I n  t h e  coordinate system, t h e  z-axis is defined by an instantaneous 

The con t ro l  of Japanese 

0 

,Figure 1. The geographical pos i t ion  of t h e  RRL-GSI base l ine  
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5M ANTENNA AT TSUKUBA 

Geographical Survey I n s t i t u t e  is responsible f o r  t h e  geodetic survey 
on whole land area i n  Japan. VLBI is considered t o  be ab le  t o  cont r ibu te  
t o  improvement of t he  geodetic network of Japan and a l s o  be ab le  t o  
cont r ibu te  t o  de t ec t ion  of t ec ton ic  p l a t e  motion i n  and around Japan. 

A s  t he  f i r s t  s t e p  of geodetic appl ica t ion  of VLBI i n  Japan, j o i n t  VLBI 
experiment between GSI and RRL i s  planned. For geodetic appl ica t ion ,  i t  is 
des i r ab le  t h a t  t he  system has t ranspor tab le  receiving s t a t i o n .  GSI has 
been developing t ranspor tab le  receiving s t a t i o n  i n  th ree  years  program, I n  
1981, t h e  f i r s t  year of t he  program, GSI  has designed and completed 
mechanical p a r t  of t h e  antenna. The spec i f i ca t ions  of t h i s  antenna are 
listed i n  Table 1. Bandwidth, po la r i za t ion  and number of channels are 
se l ec t ed  considering compatibil i ty with K-3 system. 

To achieve high e f f i c i ency ,  t he re  used shaped beam cassegrain antenna. 
A s  f o r  t r a n s p o r t a b i l i t y ,  the antenna can be devided i n t o  3 p a r t s ,  Antenna, 
Mount s t r u c t u r e  and Pedestal .  The antenna (main d ish)  can be devided i n t o  
3 p a r t s ,  so as t o  reduce the  width of a l l  t he  par t s  less than 3m. The s i d e  
view of t he  antenna is i l l u s t r a t e d  i n  Figure 3. Three days a t  maximum are 
required t o  disassemble the  antenna and th ree  vehic les  including 10-ton 
l o l l y  and 10-ton crane w i l l  be used f o r  t ranspor ta t ion .  A t  t h e  next 
s t a t i o n ,  t e n  days a t  maximum are required t o  re-assemble t h e  antenna and 
s ta r t  observation. It is required the re  should not occur any s i g n i f i c a n t  
f a i l u r e  i n  normal t ranspor ta t ion .  

Table 1. The s p e c i f i c a t i o n  of t he  5m antenna 

Items 

Antenna diameter 
Frequency range 

Po la r i za t ion  
Antenna e f f i c i ency  

Antenna noise  temperature 
(Gain) 

VSWR 
Axial r a t i o  
Slew rate 

Angle readout ( reso lu t ion)  

s p e c i f i c a t i o n  
~~ 

5 meter 
X-band : 8180-8600 MHz 
S-band : 2220-2320 MHz 
RHCP X- and S-band 
X-band 61  %(50.7 dB a t  8390 MHz) 
S-band 32 %(36.5 dB a t  2260 MHz) 
X-band : 45 K (Elevation 45') 
S-band : 120 K .  
1.3 X and S-band 
3 dB X and S-band 
Azimuth 0 t o  1 deg/sec 
Elevation 0 t o  0.5 deg/sec 
0.002 degree 
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26 M ANTENNA SYSTEM AT KASHIMA 

A schematic sketch of the 26 m antenna together with the performance 
of the antenna and the S/X receivers are shown in Figure 4. For further 
details, refer t o  another paper (Kawaguchi,et al. 1982) in this issue, 

DATA ACQUISITION 

The VLBI data will be collected by a K-3 data acquisition terminal and 
a wideband data recorder at each station. The K-3 data acquisition 
terminal is mainly composed of an IF distributor, IF to video frequency 
converters (video converters), a formatter and a decoder. By video 
converters, two of seven video signals are frequency-converted from S-band 
and five from X-band. These video signals of 2 MHz bandwidth are sampled 
in one bit at a rate of 4 Mbps and formatted together with a time code and 
a sync word. The formatted data at a rate of 4 . 5  Mbps (a parity bit is  
added to each 8 data bits) are recorded on seven tracks of tapes by a K-3 
wideband data recorder. As a tape has 28 tracks, two round trips recording 
is possible for a reel of tape. A decoder is always used for monitoring 
the quality of data being obtained during the experiment. 

Cable delay variation will be measured seperately by a K-3 delay 
calibrator, and tropospheric delay caused by water vapor will be estimated 
from sky noise measurements. The sky noise temperature due to water vapor 
along a ray path will be measured by a K-3 water vapor radiometer at two 
frequencies near the water-vapor-emission line of 22.2 GHz. 

For a frequency standard in each station, a hydrogen maser oscillator 
will be used, and a cesium oscillator keeps the clock of each station and 
synchronized by a portable clock. 

The VLBI experiments are fully automated under controls of a Kashima 
Automatic Observing Software (KAOS) and only two or three operators are 
needed at each station. 

The detailed informatxion about the K-3 hardware system is presented in 
the paper (Kawaguchi,et al. 1982) and the K-3 Automatic Observing Software 
is explained in the other paper (Takahashi,et al. 1982). 

ERROR ESTIMATION 

The obtained data will be cross-correlated by a correlation processor 
at Kashima (Kawaguchi,et al.. 1982) and analyzed by both institutes of RRL 
and GSI. Here, we will discuss a baseline determination error on this VLBI 
experiment. 

The observation error due to system noise, tropospheric scintillation 
and clock instability, the correction error of cable delay and tropospheric 
delay, and the calculation error of the source position, polar motion and 
earth rotation are estimated as summarized in Figure 5. In the error due 
to system noise, the coherence loss of 50 percent is taken into account, 
the items of which are tabulated in Table 2. In the estimation, it is 
assumed that the integration time is 12 minutes for 12 weak sources and 4 
minutes for 2 strong sources of 3C84 and 3C273. The correlated flux of 
these sources are cited from the reference (Wu 1980). It is also assumed 
to use a bandwidth synthesis technique on five channels in X-band and two 
channels in S-band spanning 300 MHz and 100 MHz, respectively. 
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The tropospheric scintillation is calculated 'by using an empirical 
equation derived from observations of two strong satellite noise emission 
by a real-time VLBI (Kawano,et al. 1982). 

The sensitivity of a sky noise error measured by a water vapor 
sadiometer to a estimation error on a wet path length and of a surface 
pressure error measured by a pressure gauge to a estimation error on a dry 
path length are referred to the papers (Wu 1979) and (Moran,et al. 1976), 
and each estimation error is calculated on the assumption of 1 K and 0.2 
mbar measurement error for each device. 

As for other error sources, the errors listed in Table 3 are assumed. 
,The total 0-C error averaged. over one-day observations will be about 62 
picoseconds and the resultant baseline determination errors on X,Y and 2 
components are estimated as shown in Figure 6. Each point in the figure 
represents the error when the three dimensional baseline components 
together with 12 clock offset parameters are determined from 32 
observations. From the figure, it will be assured that the accuracy of 
about 2 cm or better may be attainable in the VLBI experiment on the 
baseline between Kashima and Tsulcuba. 

CONCLUSION 

The VLBI results and the surveys by a Laser Ranging Method, each 
having the accuracy of about 2 cm and 5 cm, will be compared with each 
other and the geodetic referece baseline will be established between 
Kashima and Tsukuba in 1984. The repeatability of the VLBI experiments and 
the reliability of the K-3 VLBI system will also be confirmed on this 
baseline, and then the 5 m antenna will be transported to principal points 
in Japan and become a powerful tool for monitoring of crustal movement and 
adjustment of Japanese geodetic network. 
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PEDESTAL 

Figure 3. The schematic sketch of the 5m antenna 
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Figure 4. The schematic sketch of the 26 m antenna and performance of 
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Table 2. Items of coherence l o s s  

Equipment 

Frequency Converter 
Image Reject ion Mixer 
Low Pass F i l t e r  
Format ter 

Wideband Data Recorder 
Corre la t ion  Processor 

Loss Factor  
~ ~~ 

Frequency i n s t a b i l i t y  
Imperfect image r e j e c t i o n  
Imperfect f i l t e r i n g  
Imperfect c l ipp ing  
One b i t  sampling 
B i t  e r r o r  
Fringe stopping 
Fract ional  b i t  correction 

Total Loss 

Table 3. Items of e r r o r  sources  

Error  sources 

For Calcu la t ion  Error  
Source Pos i t i on  Error  
Earth Rotation Error  
Pole  Pos i t i on  Error  

For Correct ion Error  
Pressure Guage Error  
Water Vapor Radiometer Er ror  
Delay Ca l ib ra to r  Er ror  

For Clock I n s t a b i l i t y  
Allan Variance of White Frequency Noise 
Allan Variance of F l i cke r  Frequency Noise 

Loss I 
0.6 % 
1 %  
3 %  
1 %  

36 % 
1 %  
4 %  

3 . 4  % 

50 X 1 

Error  

0. "Ol/SQRT(2) 
0.6 msec 
30 cm 

0.2 mbar 
1 K  
1 sec a t  25 Hz 

* U . S .  G O V E R N M E N T  P R J N T I N G  O F F I C E ,  1 9 8 3 - 3 8 0 ' 9 9 7 / 2 3 7 5  
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